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sufficiently  sinply.  Also  sinple  fora  have  ranges  of  integration  for 
direct/straight  and  reverse/inverse  wedge  wings  with  the  nuabers 
which  satisfy  condition  kX  4.  This  fact  aakes  it  possible  for  the 
wings  indicated  to  obtain  the  exact  solution  of  the  task  through 
eleaentary  functions  [1.65],  [1.78].  Below  for  then  will  be  given  the 
solutions,  when  the  kinematic  parameters  of  motion  change  in  the 
course  of  time  according  to  stepped  law  or  wing  gradually  enters  in 
step  gust.  Solutions  for  arbitrary  time  dependences  are  obtained  from 
the  solutions  for  stepped  laws  by  applying  an  integral  Duhamel.  Me 
will  note  that  for  an  infinite-span  wing  the  exact  solutions  can  be 
obtained  also  with  the  aid  of  supersonic  analogy,  as  this  is  made, 
for  example,  in  works  [1.19],  [1.26],  [2.26].  The  obtained  in  this 
case  results,  it  is  logical,  coincide  with  those,  that  are  obtained 
on  the  basis  of  expression  (4.10)  for  the  velocity  potential  of  the 
driving  source. 

Page  546, 


Before  how  to  give  the  results  of  solutions,  let  us  note  that 
the  transient  process  is  divided  into  a series  of  the  characteristic 
^ime  intervals,  in  each  of  which  the  action  of  sources  on  the  point 
in  question  differs  not  only  quantitatively  (for  the  size/dimension 
of  range  of  integration),  but  also  qualitatively.  Therefore  the  final 
formulas  for  a velocity  potential  and  the  transient  functions  of 
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aerodynamic  loading  and  force  coefficients  and  torque/none nts  will  be 
different  for  different  interval/gaps  for  an  infinite-span  wing.  For 
the  reference  point  of  dimensionless  time  t = tOo/b  let  us  accept  the 
beginning  of  a change  in  the  kinematic  parameters,  and  at  the  gradual 
entrance  into  gust  - the  torque/moment  of  the  meeting  of  leading  wing 
edge  with  the  boundary  of  gust.  Let  us  examine  as  they  will  change  in 
the  course  of  time  of  range  of  integration  for  point  P,  which  is 

located  at  a distance  ? •=  x/b  from  leading  wing  edge  (Fig.  23.1). 

When  to  see  that  into  time  interval  0 < x < 1 (Fig.  23.1a)  the 
disturbance/perturbation  from  leading  wing  edge  will  not  have  time  to 

reach  the  point  in  question,  and  therefore  this  edge  will  not  affect 

the  disturbed  state  of  the  medium  in  it.  WithT=»-n^&  to  point  P will 
arrive  for  the  first  time  by  leading  edge  the  interference  wave  from 
one  point  of  leading  edge  (Fig.  23.1b),  and  from  this  point  on,  will 
he  begun  the  time  interval,  in  which  leading  edge  affects.  Further, 

M ^ ^ M 

with  M + 1 1 I disturbance/perturbations  will  be  created  partly 

leading  edge  (Fig.  23.1c),  whereupon  from  part,  which  lies  within 
range  disturbance/perturbations  will  be  it  comes  into  point  P 

only  by  leading  edge  of  wave,  but  from  part,  which  lies  at  range  •2t 
and  by  front/leading  and  trailing  edges. 
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Fig.  23.1.  To  the  determination  of  the  characteristic  moments  of 
time. 


Page  547. 

M 

Finally,  with  j | (Pig.  23.1(3)  range  of  integration  will  remain 

constant/invariable  and  consist  only  of  i.e.,  all  sources  will 

act  on  point  P both  front/leading  and  by  the  trailing  edges  of 

interference  waves,  and  a phase  difference  between  them  will  remain 

M 

constant/invariable.  Thus,  transient  process  during  t = I and  a 
stepped  variation  in  the  boundary  conditions  will  be  for  point  P (?) 
finished . 
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Thus,  for 
characterist ic 


a t . 


•3 


the  points  of  wing  surface  let  us  have  the  following  ! 

time  intervals:  J 


the  first 
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second  5 ^ ^ ^ "ST-^ 

t 

third.  t ^ M-i 

The  transient  process  of  a change  in  the  aerodynaaic  wing 
coefficients  will  be,  obviously,  finished  when  it  will  end  for  the 
point,  which  lies  on  trailing  wing  edge,  i.e.,  with  5=1.  Therefore 
characteristic  tiae  intervals  for  the  transient  force  function  and 
torque/monents  of  entire  wing  they  will  be  respectively 

0<T<  , , M + l M-T 

M ' 
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52.  Transient  functions  of  aerodynamic  loading,  forces  and 


torque/momen ts  of  infinite-span  wing  during  a stepped  variation  in 


Solution  for  an  infinite 


[1.78],  [2.26].  Let  us  give  here  in  the  adopted  previously 


designations  the  results,  obtained  in  the  works  indicated  for 


transient  functions 


In  a-problem  (a  stepped  variation  in  the  angle  of  attack  a)  the 
transient  function  of  aerodynamic  loading  at  point  with  the 
coordinate  5,  measured  from  leading  edge  along  flow,  is  determined  by 
the  rela^ionship/ratios: 


arccos  M ( 1 


arccos  M ( 1 


f 


} 


i 
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Expressions  for  the  transient  functions  of  the  lift  coefficients 
and  pitching  aoaent  we  will  obtain,  by  integrating  expressions  (23.1) 
by  wing  section  from  6 = 0 to  € = 1-  As  a result  in  standard  system 
of  coordinates  with  beginning  on  leading  wing  edge,  let  us  have: 


with 


^ r _ 4 r 1 _ 2 / T*  \ 

M + 1 [ a'  J M ’ i a*  J ~ M \ ~ ZNP  ) ’’ 


M 


with 


M + I 


M 


M - I 


■^]  = ^arccosM(l  -^x)  + ^arccbsM  (l  -|)  + 


(l  -^)arccosM(l  - j)- 


2 

nM 


with 


M 


M-  I 


(I +T)y^2T  1; 


(23.2) 


Por  a*'  the  problem  of  formula  for  the  transient  functions  of 
the  force  coefficients  and  pitching  moment,  they  take  form  [1.19] 


I 
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L-Li 

i\  +— 1 

mj  1 

L-t. 

[ 

M 1 

V !«V’ 

L “iJ 

3M  1 

with 


M 


M 


■srrr  m-i 

[^] = ■;  {^  ('  + i^) “ ('~t)+. 

rjparecosM(l  + }■ 


+yarccosM  (l  6M  V 


with 


M 


M-1 


<T  < OO 


l » J 


4 

3k 


(23.3) 
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Numerical  values  of  the  transient  functions  are  given  in  table 
23.1  for  the  range  of  numbers  /^  :=  1.  1-5.0.  As  an  example  for  three 
Nach  numbers:  M'.i.u  /V)  z 2. 0 and  -3.0  - Fig.  by  23.2-23.5  solid 
lines  gives  precise  dependences  of  transient  functions  of  lift  and 
pitching  moment  of  dimensionless  time  t.  Figure  23-6  shows  the 
displaceraent/movement  of  mean  aerodynamic  center  of  wing  in  time 
during  a stepped  variation  in  the  angle  of  attack  a. 
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23«4,  Transient  function  of  lift  wing  *-«>. 


Key:  (1).  Solution  for. 


Fig,  23.5.  Transient  function  of  pitching  aoaent  [”xl<»]\  wing 


Key:  (1).  Solution  for. 
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Fig.  23.6.  Displacement/»oTe*«nt  of  aean  aerodynaaic  center  of  wing  X 
= “ during  a stepped  variation  in  the  angle  of  attack  a. 


Fey:  (1).  Solution  for.  (2).  Ruaerical  calculations. 
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I T>  M/M  - 1 ^ 

It  is  evident  that  with  TV  ^ the  transient  functions  and  focus 

take  the  steady-state  values,  which  correspond  to  the 
establish/installed  flow.  For  M =2.0  in  Fig.  23.2,  23.3  and  23.6 
points  gave  the  results  of  the  calculations  of  the  corresponding 
values  by  the  numerical  method,  presented  in  chapter  of  XXI. 


53.  Gradual  entrance  of  infinite-span  wing  into  step  gust. 


Solutions  for  an  infinite-span  wing  upon  the  gradual  entrance 
into  step  gust  are  given  in  works  [1.19],  [1.78].  The  expressions, 
which  determine  the  transient  function  of  aerodynamic  loading  at  the 
points  of  wing,  distant  to  value  5 = x/b  from  leading  edge,  they  will 
for  different  ranges  t take  the  form: 


whan 


0<T< 


M 


M + I 


6 


L J 


when 


M+I  iy(_l  I 


nk 


■arccos  M 


M 


with 


^ M-i 


fi-4- 

{ M*  t 
r Ap  (t)  1 4 

1 J“^- 


(23.4) 
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The  transient  functions  of  the  lift  coefficients  and  longitudinal 
nonent  with  respect  to  leading  edge/nose  (xt  = 0)  upon  the  gradual 
entrance  into  gust  will  be  deternined  by  the  relationship/ratios: 


with 


I 

f4^1  = -T 


with 


M 

M + I 


M 

M-l 


] - - “ (' -TF ^ M (I -7)+ 


1 


a’h^-n 


M 


M-l 


^ T ^ 00 


(23.5) 
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The  numerical  values  of  the  transient  functions  of  lift  and 
pitching  moment  upon  the  gradual  entrance  into  gust  are  also  given  in 
table  23.1,  but  for  M=  1.4,  2.0  and  3.0  are  given  in  Fig.  23.7, 

23.8.  Figure  23.9  shows  the  displacement/movement  of  mean  aerodynamic 
center  of  wing  upon  gradual  entrance  into  gust  at  velocities. 
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which  correspond  to  the  Hach  numbers  indicated.  For  the  case  M-  2-0 
points  showed  the  results  of  the  calculations  by  the  nuaerical  aetbod 
cf  chapter  of  XXI. 
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Fig.  23.7,  Transient  function  of  airfoil  lift  X = - upon  the  gradual 
entrance  into  step  gust. 


Key:  (1).  Numerical  calculations. 


Fig.  23.8,  Transient  function  of  the  pitching  Boment  of  wing  X = - 
upon  the  gradual  entrance  into  step  gust, 


/C^ d ^ . ^4)  . ! d cL-i  C.  dt- 1 (L-U-  i 


^ L i o 5 . 
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Fiq.  23.9.  Displacement/Bovement  of  mean  aerodynaaic  center  of  wing  X 
= - upon  the  gradual  entrance  into  step  gust. 


Page  557. 


§4.  Transient  functions  of  delta  wings  with  supersonic  edges. 


Let  us  give  the  results,  obtained  in  works  [1.26],  [1.78]  for 
the  transient  functions  of  direct/straight  delta  wings,  with 
supersonic  edges,  i.e.,  corresponding  to  condition  kX  ^ 4.  For  such 
wings  the  transient  function  of  the  lift  coefficient  of  section  f = 
const  during  a stepped  variation  in  the  angle  of  attack  a is 
determined  by  the  formulas: 


with. 


with 


with 


^ 1 xo . 

M + l^  [o*J  M • 


^ ^ M , 

M + 1 6^''®==  M-l  S 


^ M ( 1 - ^ 1)  + 

+ ^arccosM(l  - 1) 2 -1  - 1 ]; 
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Here  3Co  is  a sweep  angle  of  leading  wing  edge. 

For  the  transient  functions  of  lift  and  pitching  nonent 
{relative  to  the  leading  edge/nose  of  root  chord)  we  will  obtain; 


with 


with 


. M r< 

•yl 

4 / T>  ' 

= M + t [7 

M 2i^, 

[-^1-  _ 

® 1 

fi 

L a*  J- 

3M  ' 

1 2M»  j ’ 

r c.  1 

1 ^ 

M-1 

| = ^arccos 

+ +-^)arccosM  (l  -1)  + 

+ lilr(3-T)]/2T--j^T=- 1 . (23.7) 

[■^]=~i3rccosM(l  -^t)- 
~ 3^  (*  +-^)arccosM  (l  -:^)- 
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fTpon  the  gradual  entrance  of  tapered  wing  into  step  gust  for  an 
aerodynamic  loading  namely; 
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with 


with 


r ' 1 

^yl 


M f.y  ^ M - 
M+1  M-l  * 

Slcfgxo  I /.  *»  T\ 

.-^(arcc„sM(,-^-U 


"5  ^ OO 


r Kt  1 8S  ctg  Xo 

L^aJ”  * ’ 


Thp  transient  functions  of  the  lift  coefficients  and  pitching 
■oment  (it  - 0)  upon  gradual  entrance  are  determined  by  the  formulas; 


with 


with 


0<T<—  f-4L]  = ±^2  rJ^]-_^T3. 

^ ^ M + 1 [w^^l  M 1»^aJ 

M M r c„  1 4 k*  \ 

+ iw  - t)  - Uit’-ii)  • 

-7)+  ‘23.9) 


^ 1 Ot  — fS 14- 

^ 3nM  y M*  ' ^ 


+^[3(.-l)*  + (T-l)>J.rch(TjT^); 


with 


r ■ 

4 

r m,  ■ 

1 ^ 

"7* 

[•:aJ 

“ ~ 3* 

The  lift  coefficient  of  section  5 is  as  follows  connected  with 
section  lift  and  the  load; 
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PROCEDURE  OF  CALCULATION  O?  THF  AERODYNAMIC  WING  CHARACTERISTICS  OP 
ARBITRARY  PLANFORH. 


f51.  Special  featuce/peculiarities  of  calculation  procedure. 


The  basic  idea  of  the  nethod  of  the  numerical  flow-field 
analysis  of  the  wings  of  arbitrary  planform  consists  in  the 
following.  The  wing  and  the  range  of  effect  outside  wing  are 
divide/marked  off  into  unit  cells  by  the  lines,  parallel  to 
characteristic  axes.  For  this  the  semirange  of  wing  they  divide  into 
N of  equal  parts,  whereupon  real  wing  is  replaced  approximately  by 
close  wing  with  broken  sonic  edges.  The  values  of  the  velocity 
potential  « and  of  its  derivative  d<p/dy  in  each  cell  outside  wing 
at  each  calculated  moment  of  time  are  accepted  as  constants.  Also  as 
constants  are  accepted  they,  also,  on  wing  during  the  solution  of  the 
problem  of  effect  on  the  wing  of  harmonic  gust.  Below  as  examples  in 
aperiodic  problems  in  the  ranges  of  integration,  which  do  not  emerge 
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beyond  the  limits  of  winq,  values  consider  accurately  in  each  cell, 
but  in  the  problem  of  the  effect  of  harmonic  gust  - the  use  of  a 
theorem  about  "the  average".  The  accuracy  of  numerical  data  to  a 
great  extent  is  determined  by  how  close  to  real  the  broken  wing, 
which  consists  of  the  whole  cells.  The  greater  the  number  1»,  into 
which  is  divide/marked  off  the  semirange  of  wing,  i.e.,  the  thicker 
the  grid,  that  more  precise  such  replacement.  Furthermore,  with 
increase  N increases  the  number  of  terms  of  the  sums,  which  replace 
the  integrals,  with  the  aid  of  which  is  record/written  the  expression 
for  a velocity  potential. 


During  the  solution  of  problem  must  be  made  a series  of 
conditions,  in  particular  the  equality  cf  zero  load  on  trailing  wing 

c 

edges  in  the  case  of  subsonic  trailing  wing  edges  (Chaplygina  - 
Joukowski’s  hypothesis).  In  the  case  of  subsonic  leading  edges  at 
them  appear  the  special  feature/peculiarities  (velocities  and 
pressures  go  to  infinity).  Systematic  investigations  make  it  possible 
to  control,  does  provide  the  selected  diagram  of  numerical 
calculation  at  supersonic  speeds  the  execution  cf  the  conditions 
indicated  and  special  feature/peculiarities. 

Page  560. 


The  adjustment  of  numerical  calculation  usually  begins  from  the 
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application/use  of  a method  for  obtaining  known,  first  of  all  of 
exact  solutions. 

One  of  the  basic  reception/procedures,  establishing  the 
practical  convergence  of  numerical  solutions,  is  their  analysis  at 
different  values  of  N.  The  selection  of  the  necessary  number  N is 
determined  by  this  value,  at  which  with  the  necessary  accuracy  it  is 
possible  to  consider  solution  achieved  its  asymptotic  value.  In  this 
case  along  with  the  selection  of  network  density  is  conducted  the 
selection  of  the  intervals  between  the  calculated  torque/moments  At, 
are  reveal/detectad  some  special  feature/peculiarities  of  the 
procedure  of  calculation,  etc.  The  important  method  of  checking  the 
accuracy  of  numerical  calculations  is  the  use  of  consequences  of 
reciprocity  theorara  (see  Chapter  VII),  valid  within  the  framework  of 
linear  theory  with  any  'lach  numbers.  In  this  case  is  conducted  the 
calculation  of  direct/straight  and  reverse/inverse  wings  and  the 
comparison  of  the  corresponding  aerodynamic  coefficients.  By 
utilizing  Duhamel  integral,  it  is  possible  from  transient  functions 
to  find  the  coefficients  of  the  aerodynamic  derivatives  of  wing  in 

all  range  of  Strouhal  numbers.  This  makes  it  possible  to  produce  the 
verification  of  numerical  data  indicated  by  comparison  with  the 
coefficients,  found  directly. 


For  the  checking  of  the  accuracy  of  the  calculations  can  be  also 
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used  two  data  points,  obtained  with  r 


0 and  T -*  «,  With 


0 there  are  exact  solutions,  valid  for  any  numbers  M and  wing 


planforms.  Aerodynamic  characteristics  with  r 


- are  obtained 


independently  numerically  or  from  the  appropriate  exact  solutions  of 
stationary  problem. 


It  is  possible  to  indicate  one  additional  method  of  the  integral 
verification  of  obtained  datao  For  transient  functions  are  determined 
the  momentum/impulse/pulses  (see  §11  chapters  VI),  which  must  be 
equal  to  the  appropriate  coefficients  of  aerodynamic  derivatives  with 
points  with  very  small  Strouhal  numbers. 


And  finally,  the  comparison  of  the  accurately  obtained 
theoretical  and  experimental  data  makes  it  possible  to  judge  the 
correctness  of  the  taken  theoretical  procedure  for  and  the  limits  of 
its  applicability,  and  also  to  carry  out  a cross  check  of  calculation 
and  experimental  data. 


?2,  D istri  biit-ed  aerodynamic  characteristics,  Chaplygina  - Joukowski's 
hypothes  is. 


It  is  interesting  to  explain,  does  provide  the  taken  theoretical 
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diagram  of  numerical  calculation  reliable  obtaining  the  distributed 
characterist ics. 

®a  ge  561. 

Let  us  note  that  for  delta  wings  and  the  plate  cf  infinite  span  are 
precise  values  of  loads  both  for  harmonic  oscillations  and  any 
Strouhal  numbers  and  for  the  arbitrary  dependences  of  the  kinematic 
parameters  on  time  r. 


Let  ns  examine  the  character  of  a change  in  the  load  chordwise 
in  an  example  of  the  delta  wing  (xo  = 60°),  at  whose  leading  edge 
subsonic,  and  rear  are  supersonic.  For  the  value  of  number  M = V2 
from  numerical  calculation  is  determined  the  coefficient  aerodynamic 
derivative  dimensionless  load  depending  on  the  dimensionless 

coordinate  x in  three  wing  sections  z = 2z//  = 0;  0.1;  0.3  (Fig. 
24.1).  Here 


lis  wingspan,  b*  is  the  current  chord,  Xq  is  a coordinate  of  leading 
edge.  Are  given  also  curves,  obtained  from  the  exact  solution  of 
problem.  For  a central  wing  section,  which  is  special  (apex/vertex  of 
wing  is  point  of  inflection),  value  p*  is  constant  on  T.  For  any 
other  wing  section  with  subsonic  leading  edges  the  coefficient  of 
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/Di? 


aerodynamic  derivative  vith  approach  to  leading  edge  approaches 

infinity.  Since  wing  in  this  section  has  supersonic  trailing  edge, 
value  yE>“  is  here  final.  Numerical  data  mill  agree  well  with  exact 
solution. 


Let  us  examine  sweptback  wing  (A tg xo  = 8.  *>,  = 6,  n = 1 ) »ith  leading 

and  trailing  subsonic  edges,  and  also  the  reverse/inverse  delta  wing 
(X  tgxo  = 0.  /sX  = 2,4.  n = 

^ at  whose  leading  edge  supersonic,  and  rear  are 

subsonic  with  M = /2.  for  these  wings  of  exact  solutions  no; 
therefore  the  numerical  calculation  of  the  derivative  of  pressure 
coefficient  conducted  shows,  how  taken  a calculation  procedure 

provides  satisfaction  of  the  condition  of  the  equality  of  zero  load 
on  trailing  subsonic  wing  edge  and  do  appear  special 
feature/peculiarities  of  the  front/leading  stern  of  wing. 


Figure  24.2  iepicts  load  distribution  chordwise  in  the  form  of 
dependences  ^“(*)for  a sweptback  wing  and  its  three  sections  according 
to  the  spread/scope:  z * 0;  0,21;  0.71. 


1 
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flq.  24.1.  Load  distribution  chordwise  of  dalta  wing  (x.-su°i  daring 
/^Curves  are  exact  solution,  points  are  a nuncrical  calculation. 


Page  562. 


A somewhat  different  picture  is  observed  for  a wing  with  supersonic 
front/leading  and  subsonic  rear  by  edges  (reverse/inverse  delta 
wing).  For  this  wing  and  all  exanined  sections  (z  - 0;  0.2;  0.6)  the 

constant  value  load  coincides  with  exact  solution  (p>  ..  4/A)  to  the  half 
of  wing  chord  (0  ^ 7 < 0.5).  iith  approach/approxination  to  trailing 

wing  edge,  the  load  factor  decreases,  turning  in  zero  with  T = 1.0 
(Pig.  24.3).  Curves,  depicted  in  Pig.  24.2  and  24.3,  are  carried  out 


through  the  points,  which  are  obtained  in  nuaerical  calculations.  The 

c. 


execution  of  zhaplygina  - Joukows)ii*s  hypothesis  can  be  judged  fron 
the  tendency  of  the  behavior  of  curves  near  rear  the  luaps  of  wing  (x 


1) 


53.  Conparison  of  nuaerical  calculations  with  exact  solutions. 


Let  us  compare  the  results  of  nuaerical  calculation  with  exact 
solutions.  This  will  make  possible  to  rate/estiaate  the  reliability 
of  the  taken  procedure  for.  Let  us  conduct  this  coaparison  for  the 
most  complex  case  - the  arbitrary  dependence  of  the  kinematic 
paraaeters  on  tiae  r. 
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Let  us  exaaine  the  coefficients  of  the  transient  functions  of 
load,  of  lift  and  pitching  noaent  during  an  instantaneous  change  in 
the  hineuatic  parameters  of  motion  in  time  along  stepped  la«(<7(' 

(it  U ) 

<’  x) 

K and  at  the  gradual  entrance  of  wing  into  step  gust. 


Fig.  24.2.  To  the  execution  of  phaplygina  - Joukowski*s  hypothesis 
Sweptback  wing  (kx  = 6,  fl-o. 


Fig.  24.3.  To  the  execution  of 


^aplygi 


lygina  - JoukoMskl*s  hypothesis 
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Reverse/inverse  Jalta  wing  (kX  = 2.4, 


Page  563. 


The  dependence  of  relation  f Ap  (t)  /a  ♦ ] / [ Ap  (")  /a  ♦]  on 
value  M - 1 ^ is  shown  in  Fig.  24.4  for  a direct/straight  delta  wing 
with  supersonic  edges  (tg xo//t  = 0,83)  and  an  infinite  plate  (X  = •).  Load 
at  the  end/lead  of  the  root  chord  (point  A in  Fig.  24.4)  is 
determined  for  a number  M = 1,93.  The  dependences  of  the  total 
coefficients  of  transient  functions  during  an  instantaneous  change  in 
the  kinematic  parameters  of  motion  a,  Wi  and  Wxi  from  dimensionless 
time  r are  given  in  Fig.  24.5-24.11,  whereupon  fig.  24.5  is  related 
to  rectangular  wings  (including  X = -)  - for  number  M = V^2,  Pig. 
24.6-24.8  - for  M = 2.  Figures  24.9,  24.  10  show  the  gradual  entrance 
of  rectangular  wing  into  gust.  Fig.  24.11  is  related  to 

direct /straight  delta  wing  with  subsonic  leading  edge  (tgxo/*  •=  *.43,  M ■=  1,8). 
In  all  figures  are  given  precise  or  known  solutions,  borrowed 
from  works  [1.63],  [1.78],  [2.26],  [2.36].  In  this  case  the  points  r 
- 0 answer  the  exact  solution  of  problem,  and  value  t - they 

correspond  to  the  coefficients  of  aerodynamic  derivatives  without 
points.  If  during  an  instantaneous  chinge  in  the  kinematic  parameters 
the  coefficients  of  transient  functions  with  r = 0 are  final  and 
depend  only  on  number  M that  upon  the  gradual  entrance  of  wing  into 
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qust  (r  = 0)  they  they  turn  into  zero.  In  all  cases  in  question  is 
observed  the  good  agreement  of  exact  solution  with  the  results  of 
numerical  calculation,  and  also  the  output/yield  of  the  studied 
characteristics  to  their  steady-state  values. 

For  the  illustration  of  the  accuracy  of  numerical  calculation 
let  us  examine  the  aerodynavic  characteristics  of  the  triangular 
deformed  wing  with  supersonic  leading  edge  (xo  = 60“.  M - 4,12).  for  which 
were  carried  out  the  comparisons  with  exact  solutions  [1.54],  [1.84]. 
The  strain  of  this  wing  was  assigned  in  the  form 

H-l  V-0 

Then  lift  coefficient  can  be  represented  thus: 

s 3 

C|f  “ S 2 ^Vliv* 

|i.|  v-U 

In  table  on  page  566  are  given  precise  values  of  relation  Ci/uv/C|,io 
(second  columns)  and  the  results  of  the  numerical  calculation  (first 
columns) , made  for  number  N,  into  which  is  divided  the  senirange  of 
wing,  equal  to  30. 
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Fig. 

exact. 


24.5.  Comparison  of  numerical  calculations  (white  point)  with 
solutions  (unbroken  curve  and  black  point).  Rectangular  wings 


Fig.  24.6.  Comparison  of  numerical  calculations  (dotted  line)  with 
exact  solutions  (black  points,  dot-dash  line) . Rectangular  wings 
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Fig.  24.7.  Comparison  of  numorical  calculations  (dotted  line)  with 
exact  solutions  (black  points,  dot— dash  line).  Rectangular  wings 

(M  if  -0). 


Pig.  24.8.  Coaparison  of  nuaerical  calculations  white  points)  with 
exact  solutions  (black  point).  Rectangular  wings  im-:;). 
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fig.  24.9.  Coaparison  of  nuaerical  calculations  (ahita  point  and 
dotted  curves)  with  exact  solutions  (black  point,  continuous  and 
dot-dash  curves).  Rectangular  wings  (m-/7). 


fig.  24.10.  Comparison  of  numerical  calculations 
dotted  curves)  with  exact  solutions  (black  point, 

h^es.  f^irtas  (U- i.a). 


(white  point  and 
unbroken  curves 


Fiq.  24.11.  Comparison  of  numerical  calculations  (white  point  and 
unbroken  curves)  with  exact  solutions  (black  point,  strix-dotted 
line).  Direct/straight  delta  wing  i^-e. 
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v-0 

V « 1 

V 

m2 

V 

-3 

1 

1. 00 

1,00 

0,054 

0,055 

0,0070 

0,0073 

0,0012 

0,0013 

2 

1,35 

1,33 

0.086 

0.088 

0,011 

0,012 

0,0022 

0,0023 

3 

1,53 

1,50 

0,107 

0,110 

0,016 

0,016 

0.0029 

0.0036 

4 

1,65 

1,60 

0,121 

0,126 

0,018 

0,019 

0,0034 

0.0037 

5 

1.73 

1.67 

0,131 

0,138 

0,020 

0,022 

0,0039 

0,0043 

From  the  given  in  table  data  it 
deformed  wing  is  obtained  a good  coi 
with  the  appropriate  exact  solution, 
sufficient  for  obtaining  acceptable 


follows  that  for  the  examined 
ncidence  of  numerical  calculation 
Furthermore,  number  N = 30  is 
aerodynamic  characteristics. 


54.  Effect  of  the  number  of  separations  into  the  accuracy  of  the 
calculation. 


Much  study  on  developing  the  rational 
calculations  were  carried  out  by  N.  A.  Kud 
for  an  harmonic  time  dependence  and  by  S„ 
stepped  variation  in  the  kinematic  paramet 


procedure  of 
ryavtsevoy,  N. 
A.  Popytalov  d 
ers. 


nu  merical 
G.  Lavrenko 
uring  a 


£0^ 
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Let.  us  examine  at  first  the  harmonic  oscillations  of  rigid 
wings.  For  the  purpose  of  the  explanation  of  the  question  concerning 
the  effect  of  network  density,  by  which  is  replaced  the  wing  being 
investigated,  were  carried  out  the  calculations  of  the  coefficients 


aerodynamic  derivative  following  wings:  triangular  with  subsonic 
(tcxo/zi  = 1.67.  kk  = 2A.  M=l/2)\  _ . „ „ 

X — supe'rsonic  {Igxalk  kk  = 8,  M—  2,24)  by  leading 


edges;  complex  plan  form  with  that  which  was  mixed  front/leading  and 
supersonic  rear  by  edges  (xS?’  = 30®,  M = 1.5  and  M =2.5).  The  results  of 
the  calculations  for  delta  wings  are  represented  in  Fig.  24.12-24.17, 
on  which  are  plotted/applied  precise  values  appropriate 
characteristics.  Figure  24.18-24.23  gives  the  results  of  the 
calculations  for  the  wings  of  complex  planform.  From  the  given 
materials  it  follows  that  during  an  increase  in  number  N 
(curve/graphs  bear  conditional  character,  since  number  N can  be  only 
whole)  of  the  value  of  aerodynamic  derivatives  sufficiently  rapidly 
they  emerge  at  asymptotic  values,  whereupon  for  delta  wings  somewhat 
more  rapid  than  for  the  wings  of  complex  planform. 


For  delta  wings  there  are  exact  solutions.  At  sufficiently  large 
valu«»s  of  N the  results  of  the  calculations  virtually  coincide  with 
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^ — TovHtiie pemeHun  0')^  . „ jovHue peueHU}! 

(SCs  — Vucmume  pacvemu  Ifi.') ‘/ucjietiHue  pacw/mt 


<JL.  ^.’3.  Xi.t3, 


:ZV  /JL  . 

Effect  of  the  nuaber  of  separations  n for  a delta  einq  igw*-i.67.  *x-2.4 

(M-/2  r 


Key:  (1).  ?xact  solutions.  (2).  /luraerical  calculations. 


rig.  24.13.  Effect  of  the  nutuber  of  separations  N for  a delta  wing 

Ig  x^k  1 ,67,  k>.  *“  2, 1 
(M  -/F). 


Key:  (1).  Exact  solution.  (2).  Euaerical  calculations 
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li  ti. 


fiq.  24.14.  Effect  of  the  naaber  of  separations  4 for  a delta  wing 

."-rh 

Key:  (1).  Exact  solutions.  (2).  Nuaerical  calculations. 


Pig.  24.15. 

Effect  of  the  number  of  separations  4 for  a delta  wing 

vM- 2,241. 


Key:  (1).  Exact  solutions-  (2).  Nuwerical  calculations 
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TovHbie peu/BHUs!  Tat/Hus peiuBHuji 

VuaKHMme  pacvemu  (p's i/ucJiCMnie  panemu 


F.a  JH.ty . 


Jv.  >•7. 


Fig.  24.16.  Effect  of  the  nuabec  of  separations  N for  a delta  wing 


(M  -2,24). 


Key:  (1).  Exact  solutions.  (2).  Numerical  calculations. 


Fig.  24.17.  Effect  of  the  number  of  separations  N for  a delta  wing 
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Key:  (1).  Exact  solutions.  (2).  Numerical  calculations. 


F'.y,  ^V. /I.  2V.  n. 


I 


Fig.  24.18.  ^he  effect  of  the  number  of  separations  N for  the  wing  of 
complex  planform  x“>-30« 


Fig.  24.19.  Effect  of  the  number  of  separations  N for  the  ming  of 
complex  planform  xjf’-jo*  im-i-m. 


\ 

1 

\ 

\ 


\ 


! 

1 > 


1 

’ 

- 
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As  can  be  seen  from  the  presented  in  Pig.  24.12-24.23  data,  for 
providing  an  identical  accuracy  the  calculation  of  the  coefficients 
of  aerodynamic  derivatives  with  points  must  be  performed  at  the  large 
values  of  4,  rather  than  the  corresponding  coefficients  without 
points.  This  completely  is  regular,  if  one  considers  that  in  the 
second  case  during  the  calculation  of  derivatives  the  velocity 
potentials  are  summarized  only  for  trailing  wing  edge,  but  in  the 
first  - for  entire  wing.  Let  us  note  that  the  greatest  disagreement 
of  the  numerical  and  precise  values  of  velocity  potential  is  obtained 
in  cell  at  the  apex/vertex  of  wing.  With  removal/distance  from 

■< 

apex/vertex,  this  inaccuracy  decreases  and  cn  trailing  edge  virtually 
is  absent. 

Let  us  examine  the  arbitrary  dependences  of  the  kinematic 
parameters  on  time  t.  So  ^s  for  harmonic  oscillations,  let  us 
conduct  the  investigation  of  the  effect  of  the  number  of  separations 
N into  the  coefficients  of  transient  functions  with  one  constant 
interval  between  the  calculated  moments  of  time  Ar  = 0.2. 
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Piq.  2a. 20.  Effect  of  the  number  of  separations  N for  the  wing  of 
complex  planform  x<*»-3o»  (M- uw. 

Fig.  24.21.  Effect  of  the  number  of  separations  N for  the  wing  of 
complex  planform 
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Fig.  24.24.  Effect  of  the  number  of  separations  N for  a 
direct/straight  delta  wing  X = 3.0;  *t”®  (m-j.o). 

Key:  (1),  Exact  solutions- 

Fig.  24.25.  Effect  of  the  number  of  separations  N for  a 
direct/straight  delta  wing  X = 3.0, 


Key:  (1).  Exact  solutions 


JtC,  F'.^,  jj,  a y 


Fig.  24.26.  Effect  of  the  number  of  separations  N for  a 
direct/stra*  qht  delta  wing  X = 3.0  (M-2.0). 

Key:  (1).  Ex-act  solutions. 

Fig.  24.27.  Effect  of  the  number  of  separations  N for  a 
direct/straight  delta  wing  X = 3.0  (M-i.c#. 


Tovme 


Fiq.  24,28.  Effect  of  the  number  of  separations  N for  a 
direct/straight  delta  wing  X = 3.0,  Jt,-o  (M-2.0). 


Exact  solutions 


a wing  of  lengthening  X * 3 with 


supersonic  edges.  The  number  of  sections 
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semiranqe  of  win;7  N was  assigned  to  17,  while  the  nunbec  of  sections 
of  the  separation  of  chord  N*  was  obtained  in  this  case  to  13. 

Between  N and  N*  - is  following  comaunication/connection: 

Here  b and  f are  a chord  and  the  spread/scope  of  wing. 

Figure  24.24-24.26  gives  the  results  of  the  numerical 
calculation  of  this  wing  with  M = 2,0  for  the  case  of  a stepped 
variation  in  the  kinematic  parameters  in  time  (a-,  w,-  and 

problems).  The  same  data  are  acquired  for  the  gradual  entrance  of 
wing  into  step  gust  (Figs.  24.  27,  24.28).  Precise  values  of  the 
corresponding  characteristics  at  zero  time  (r  = 0)  ate  designed  by 
formulas  (4.41)  - (4.57),  the  beginning  of  dot-dash  line  indicates 
the  end/lead  of  the  transient  process,  and  lines  themselves  they 
answer  the  steady-state  values  of  aerodynamic  characteristics.  The 
available  exact  solutions  are  plotted/applied  on  the  curve/graphs  by 
solid  line. 

Let  us  note  that  the  given  in  this  paragraph  values  of  the 
rolling-moment  coefficients  are  calculated  with  significant  dimension 

?. 


From  the  analysis  of  the  given  characteristics  it  is  possible  to 
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draw  the  conclusion  that  for  the  wing  of  simple  planform  already  N = 
15-20  is  sufficient  for  providing  the  necessary  accuracy.  The 
greatest  errors  are  obtained  with  small  r.  In  the  case  of  the  gradual 
entrance  of  wing  into  gust  the  effect  of  network  density  manifests 
itself  in  essence  at  values  r,  close  to  unity;  however,  even,  here 
the  number  of  separations  of  order  N = 20-25  sufficiently  for 
obtaining  reliable  results. 


30. 


fig.  24.29.  Effect  of  the  calculated  moments  of  time  hr  for  a 
direct/straight  delta  wing  X = 3.0,  iT-o(M-a.o). 


fey;  (1).  Exact  solutions- 

Fig.  24.30.  Effect  of  the  calculated  moments  of  tine  hr  for  a 
direct/straight  delta  wing  X = 3.0 

Key;  (1).  Exact  solutions. 


J 
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Page  572. 

Examining  tha  effect  of  estimated  time  hr,  tie  see  that  the  best 
results  are  obtained  for  the  interval  cf  order  hr  = 0.1-0,  2 (Fig. 
24.29-24.31).  During  a decrease  in  the  time  interval  the  accuracy 
descends,  when  interval  approaches  value  1/N',  while  with  an  increase 
in  the  interval  deterioration  in  the  accuracy  is  caused  by 
exaggerated  spaces  during  numerical  differentiation.  This  picture  is 
observed  for  wings  with  supersonic  and  subsonic  edges. 

The  conducted  investigations  show  that  the  greatest  scatter  of 
the  calculation  points  is  obtained,  obviously,  when  during  a change 
in  the  time  occurs  an  abrupt  change  in  the  boundary  conditions. 

During  an  instantaneous  change  in  the  kinematic  parameters  in  stepped 
law  this  occurs  near  t = 0.  Upon  the  gradual  entrance  into  gust, 
especially  for  the  wing  of  triangular  cr  close  to  it  form,  this 
occurs  near  the  values  t,  which  correspond  to  the  complete  entrance 
of  wing  into  step  gust  (t  = 1.0). 

For  conducting  the  calculations  it  is  possible  to  recommend 
following.  Are  selected  parameters  N or  M*  on  the  basis  of 
possibilities  EV1  [^computer].  In  this  case  one  should 
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consider  that  excassively  an  increase  in  the  nunber  of  cells  produces 

1 

an  increase  in  the  duration  of  count.  To  take  N and  N*  than  less 
recommended  (N  = 20-25)  does  not  follow.  Time  interval  Ar  can  be 
selected  on  the  approximate  empirical  dependence  At  » 2/N* . 

i 

I 
4 

1 

55.  Checking  of  numerical  calculations  with  the  aid  of  reciprocity 

ii 

theorem. 

I 

■a 

I The  use  of  consequences,  which  escape/ensue  from  reciprocity 

^ theorem,  makes  it  possible  to  conduct  testing  the  numerical  values  of 

I the  coefficients  aerodynamic  derivative  and  transient  functions.  The 

f ■ ■ 

consequences  indicated  are  valid  for  the  arbitrary  values  of  strouhal 
i |‘  numbers,  Makh  and  any  t;  therefore  the  checking  of  the  obtained  from 

numerical  calculation  coefficients  aerodynamic  derivative  and 
transient  function  is  carried  out  for  entire  range  p ♦ and 
dimensionless  time  r. 


i 
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Piq.  24.32.  To  the  checking  of  nuaerical  calculations  eith  the  aid  of 
reciprocity  theoren.  Delta  wings  xv*- 1.25 iw-j.oi. 

Key:  (1).  Straight  wing.  (2).  Reverse/inverse  wing.  (3).  Exact 
solution. 


Piq.  24.33.  To  the  checking  of  nunerical  calculations  with  the  aid  of 
the  theorem  of  invertibility.  Delta  wings  tgx.'*- 1.25.  0,5 (M- 2,0). 


Key:  (1).  straight  wing.  (2).  Reverse/inverse  wing.  (3).  Exact 
solutions. 
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Pig.  24.34.  To  the  checking  of  nunerical  calculations  with  the  aid  of 
reciprocity  theorea.  Delta  wings  •»xv*-i.2s.  •*t-«.5(m-2,o). 


Key:  (1).  straight  wing.  (2).  Reyerse/inwerse  wing.  (3).  Exact 
solutions. 
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Page  574. 

In  Fig.  24.32  is  carried  out  the  ccaparison  of  nuaerical  these 
derivatives  cj)  and^^  obtained  for  a straight  line  and 
reverse/inverse  delta  wings  with  subsonic  edges  (tgxo/^  M = 2,0) 

at  the  values  of  Strouhal  nuaber  0 ^ p ♦ ^ 3. 

Let  us  examine  an  instantaneous  change  in  the  Icineaatic 
parameters  («-,  Ui-,  co,  problems)  for  the  saae  direct/straight  and 
reverse/inverse  delta  wings  with  subsonic  edges  (tg x»/*  — 1.25,  M=2,0) 
(Figs.  24.  33,  24.  34).  The  comparison  of  numerical  calculations  for 


these  wings  shows  that  with  selected  N and  At  are  fulfilled 
sufficiently  well  the  consequences  of  reciprocity  theorem,  also,  for 
aperiodic  motion.  The  points,  which  correspond  to  the  exact  solution 
of  problem  with  r - 0,  completely  satisfactorily  they  coincide  with 
numerical  calculations. 

Thus,  the  reciprocity  theorem  is  a good  method  of  the  control  of 


numerical  data  for  aerodynamic  wing  characteristics  both  at  the 
arbitrary  law  of  a change  in  the  kinematic  parameters  in  time  and  at 
harmonic  dependences  also  at  supersonic  speeds. 


T 
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56.  Checking  of  nutierical  calculations  with  the  aid  of  the  theorea  of 
aoaentun  and  Duhamel  integral. 


As  the  iaportant  means  of  testing  the  results  of  the  calculation 
serves  theorea  of  aoaentua  (see  Chapter  71)#  according  to  which 


.1, 


Here  c is  a coefficient  of  aerodynanic  characteristics,  q^  is  the 
kinematic  parameter  (a,  Ut.Ux). 

Let  Us  examine  infinite-span  wings  (X  = «)  and  rectangular  with 
lengthening  X = 2 and  X = 5#  and  also  straight  line  and 

reverse/inverse  delta  wings  with  subsonic  leading  edges  tg xo/<!  = 1 ,25,  tg^o/A 
— l,43(Pig«  24. 35-2U . 37)  . Transient  functions  for  these  wings  are  given 
above.  The  coefficients  of  aerodynamic  derivatives  with  points  c*.  mj,  c**, 
''•r*  with  p • -♦  0 are  obtained  for  two  Hach  numbers:  M • 1/2 

and  M — 2,  but  the  aerodynamic  coefficients  with  points#  caused  by 
harmonic  gust#  and  (P  * 0)  “ with  number  M = 1,8.  Along 

the  axis  of  abscissas  on  these  diagrams  is  deposit/postponed  the 
value  of  the  momentum/impul se/p ulse  of  the  corresponding  transient 
function  /(c/gj).  Straight  line,  carried  out  at  an  angle  of  45®  to 
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axes,  corresponds  to  the 
SVS', 


ideal  execution  of  theorea  of  noaentun. 


Pig.  24.35.  Checking  ot  nuaerical  calculatioas  with  the  aid  of 
theorem  of  momentum. 


Key:  (1).  Infinite-span  wing.  (2).  rectangular  wings.  (3).  Straight 
line.  (U).  Reverse/inverse.  (5).  triangular  wings. 
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Pig.  24.16.  Checking  of  nanecical  calculations  with  the  aid  of 
theoree  of  eoeentae. 


Key:  (1).  Infinite-span  wing.  (2).  Rectangular  wings. 

Pig,  24.37.  Checking  of  numerical  calculations  with  the  aid  of 
theorem  of  momentum. 

K«T:  (1)»  Inf initm-span  wing.  (2).  Dicect/strmight  delta  wing. 
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Fig.  24.38.  To  the  checking  of  numerical  calculations  (point)  with 
the  aid  of  Duhamel  integral  (curves).  Pectangular  wing 


Key:  (1).  Fxact  solution. 

Pig.  24.39.  To  the  checking  of  numerical  calculations  (point)  with 
the  aid  of  Duhamel  integral  (curves).  Rectangular  wing  (ir-o. m-i.s). 

(t) , £ K^cir  , 
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Piq.  24.40.  To  the  checking  of  nuaerical  calculations  (point)  with 
the  aid  of  Duhamel  Integral  (curves).  Delta  wing  u*  M-i.a 


Pey;  (1).  Exact  solution. 


DOC  = 77154321 


PAGE/i?61 


Fig.  24.41.  To  the  checking  of  nunerical  calculations  (point)  with 
the  aid  of  Duhamel  integral  (curves).  Delta  wing 

Key:  (1).  Exact  solution. 

Page  577. 

Checking  of  numerical  data  can  be  carried  out  also  with  the  aid 
of  Duhamel  integral  (see  Chapter  VI).  Utilizing  transient  functions, 
we  compute  the  coefficients  of  aerodynamic  derivatives  over  a wide 
range  of  Strouhal  numbers.  Their  comparison  with  the  results  of 
directly  numerical  calculation  makes  it  possible  to  produce  the 
verification  of  obtained  data. 

For  an  infinite  plate,  a rectangular  wing  X = 2.25  and  a 
direct/straight  delta  wing  with  subsonic  leading  edge  (tg xoA  = 1,43) 
with  number  M — 1,8  were  determined  the  aerodynamic  derivatives  c^,  c 
caused  by  the  effect  of  harmonic  gust  on  the  wings  indicated 


with  th* 


/0^3 

2h«'h'5','-  Covparison  of  ez4ct  solution  (curvos) 
calculation  accocling  to  Ouhanel  integral  (point)  for  a wi nq  X « - 

(W  - 1.<).  ’ 

Fig.  24.44.  Coaparison  of  exact  solution  (curves)  with  the 

calculation  accorling  to  Duhamel  integral  (point)  for  a delta  wing  x 
= 2.S  iM-3). 


Page  578. 

On  curvp/graphs  (Fig.  24.  38-24.41)  are  given  exact  solutions  for  the 
derivatives  in  question  with  very  small  Strouhal  number  (p  * — ? 0) . 

The  use  of  a Duhamel  integral  makes  it  possible  also  to 
determine  aerodynamic  characteristics  for  any  law  of  a change  in  the 
kinematic  parameters  in  time,  knowing  transient  functions  during 
their  stepped  change. 

Let  us  make  a comparison  of  the  obtained  thus  lift  coefficient 
with  its  value,  determined  by  direct  method  - numerically  or  from 
exact  solution  for  the  linearly  growing  gust.  For  an  infinite  plate  X 
■=  • (M  = 1,4)  are  given  the  lift  coefficients  with  an  instantaneous 
change  in  the  angle  of  attack  (Fig.  24.42)  and  the  upon  gradual 

entrance  into  gust  (Fig.  24.4  3).  For  a delta  wing  X - 2.5(M*3) 

the  same  data  are  represented  in  Fig.  24.  44. 


All  the  given  materials  show  that  the  obtained  from  indirect 
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calculation  aer  0!ly  namic  characteristics  for  linearly  the  growing  gust 
coincide  sufficiently  well  with  the  appropriate  characteristics, 
obtained  by  the  direct  solution  of  problem. 


57.  Comparison  of  experimental  and  calculated  data. 


Experimental  data  in  different  time  were  obtained  by  V.  S. 

Bykov,  Yu.  A.  Prudnikov,  V.  S.  Khomenko  et  al. , and  also  Skretonom 
and  Vudgetom  [2.41].  Is  given  below  the  comparison  of  experimental 
data  with  numerical  calculations,  whereupon  the  primary  attention  is 
devoted  to  unsteady  aerodynamic  characteristics.  In  certain  cases  the 
comparison  of  experimental  and  theoretical  data  to  conveniently  carry 
out  in  the  similarity  parameters. 

Figures  24.45,  24.46  depict  to  the  dependence  fee"*,  fem“*  oii  Ibe 

given  lengthening  for  delta  wings  with  different  sweep  angles  on  the 
leading  «dge:  Xo  = 45®,  60°,  75°.  Derivati ves  c“*  and  are  determined  from 
experiment  by  the  method  of  the  bent  models  (see  Chapter  YIII). 
Everywhere  on  curve/graphs  together  with  experimental  points  are 
plotted/applied  the  calculated  curves,  obtained  from  linear  theory. 
These  experiments  are  carried  out  by  V.  S.  Bykov  and  Tu.  A. 

Prudnikov.  From  curve/graphs  it  follows  that  for  entire  range  of  the 
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paraaeters  being  investigated,  which  determine  the  geometry  of  wing 
and  the  no  de/conditions  of  flow,  the  calculation  sufficiently 
satisfactorily  converges  with  experiment.  The  use  of  coordinates, 
which  are  the  similarity  parameters  in  linear  theory  (coefficients  of 
aerodynamic  derivatives  without  points) , makes  it  possible  to 
construct  more  compact  dependences  not  only  for  theoretical,  but  also 
for  experimental  data. 


Pig.  24.45.  The  comparison  of  mxpsriasatal  (point)  and  calculated  (is 
curve)  data  for  delta  sings  (^^-0)- 

Pig.  24.46.  The  coaparlsoB  of  experimental  (point)  and  calculated  (is 
curve)  data  for  delta  wings 


Tpeytt/wtme 


Fig.  24.47.  Conparison  of  experiaental  (point)  and  calculated 
(curves)  data  for  rectangular  and  delta  wings. 


Key;  (1).  Triangular.  (2).  Rectangular 


Pig.  2«.%8.  CoaparlsoB  of  exporiMBtal  (point)  and  cnlculated 


(cnrvns)  data  for  cnctaagalar  aiags 
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Fig.  24.49.  Coaparison  of  experimental  (point)  and  calculated 
(carves)  data  for  a delta  wing  (i^-0.37). 


Key:  f 1)  . Height  experiment.  (2).  Method  of  instantaneous  pressures. 
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Pig.  24.50.  CoBparison  of  experinental  (point)  and  calculated 
(curves)  data  for  a delta  wing  )(•-«“ 

Key:  (1).  Bethod  3f  snail  oscillations.  (2).  Betbod  of  instantaneous 
pressures. 


DOC  * 7715«321 


PIGB 


Fig-  24.51.  The  ''oaparison  of  experiaental  (point)  and  calculated  (is 
curve)  data  for  the  wing  of  coaplex  planfora 

Page  581- 

The  coefficient  which  deteraines  roll  daaping,  is  obtained 

in  wind  tunnel  by  aethod  of  saall  oscillations  (chapter  Fill).  Figure 
24.47  gives  dependences  •= /(/sA,)  for  the  rectangular  and  delta 
wings  of  different  lengthening.  Xt  is  evident  that  are  obtained  two 
coaaon/general/total  with  any  M > I dependences  for  rectangular  and 
delta  wings,  if  wa  as  coordinates  utilize  the  paraaeters  of  the 
siailarity  of  linear  airfoil  theory. 
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The  coabination  of  the  coefficients  + detemining  the 
longitudinal  attenuation  of  wing  during  rotary  oscillations,  is 
obtained  in  vork  [2.41]  with  the  aethod  of  forced  oscillations  for 
the  rectangular  wings  of  different  lengthening  (X  = 2-5)  with 
centering  X,  = 0.5.  The  coaparison  of  ezpeciaent  on  the  calculation  is 
shown  in  Pig.  24.48. 


Figures  24.43,  24.50  give  the  coaparison  of  calculation  and 
experiaental  data  for  a delta  wing  with  sweep  angle  xo  = ^*5°  with 
centering  = 0,37.  Coaparison  is  aade  for  stationary  (cj  and  m")  and 

/ tt  6 it)  A\ 

unsteady  vV  "'/J  aerodynaaic  characteristics.  Experimental 

data  are  obtained  by  two  methods:  small  oscillations  (in  this  case 
are  aeasured  the  total  characteristics)  and  instantaneous  pressures 
/n"'  + /n*  obtained  by  the  integration  of  pressures).  These 
experiaeats  are  lade  T.  S.  Khoaenko.  The  given  comparison  it 
indicates  the  satisfactory  coincidence  of  the  calculated  and 
experimental  results. 


for  the  coefficient  of  the  longitudinal  attenuation  + ar-? 
compared  axperiasntal  and  calculated  data  of  the  wing  of  coaplex 
planfora  (wing  of  aircraft  F-111).  This  wing  has  nixed  front/leading 
and  supersonic  rear  edges  (x.?*~  30°,  M- 1,5  and  M - 2,5).  Proa  curve/graph 
(Pig.  24.51)  it  is  evident  that  and  for  such  wings  the  unsteady 
linear  theory  will  agree  sufficiently  well  with  experiment. 
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Part  ▼ 


PRACTICAL  APPLICAPIONS 


Introduction 

The  fifth  psrt  of  the  aonograph  contains  naterials  and 
inforaation,  which  have  first  of  all  practical  value.  Are  here  given 
the  foraulas  and  the  data  of  procedural  nature,  relating  to  special 
feature/peculiarit ies  application/uses  of  a Duhanel  integral  in  the 
different  unsteady  problems  of  aerodynamics.  Are  examined  notions 
with  different  Each  numbers. 

The  first  case  ( M « 0 - the  incompressible  nediua)  is 

characteristic  by  inversion  into  infinity  of  transient  functions  with 
T = 0.  The  isolation/liberation  of  this  special  f eatura/peculi arit y 
of  the  type  of  delta  function  is  conducted  fcy  weans  of  the 
exaaination  of  noncirculatory  flow  about  a wing  and  by  the 
introduction  of  “-e  apparent  additional  masses  of  wing. 
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In  the  second  case  (0 < M < 1 - the  cospcessed  aediuBt  subsonic 

speeds)  with  r = 0 transient  functions  are  final  and  with  all  t ^ 0 
continuous.  Howevar,  they  undergo  powerful  changes  near  r = 0, 
whereupon  thereby  sharper,  the  lesser  the  nunber  M,  which 

!|J 

superinposes  inpression  to  choose  from  of  the  rational  procedure  of  ' 

the  application/use  of  a Ouhaael  integral.  In  each  the  cases 
transient  process  bears  asymptotic  character  (transit  tine 
infinitely).  Since  it  is  necessary  to  calculate  integrals  fron  zero 
to  infinity,  is  examined  the  question  concerning  the  selection  of  the 
functions,  which  interpolate  the  course  of  transient  process  fron  the 
last/latter  calculation  point  to  t * ••. 

In  the  third  case  (M>1  - supersonic  speeds)  transient 

process  is  final,  since  disturbance/perturbations  are  spread  only 
downstrean.  Transient  functions  continuously  change  in  tine.  All  this 
sinplifies  the  use  of  a Duhamel  integral  during  transition  fron  a 
stepped  variation  in  the  kinematic  parameters  to  arbitrary,  including 
harnonics,  to  tine  dependences. 

i 

-i 

Another  group  of  the  questions,  examine/considered  below,  is  j 

I 

related  to  the  approximate  determination  of  the  unsteady  I 

characteristic  of  wing.  Along  with  precise  aethods,  the  approxiaate. 


J 

J 
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rough  estimates  play  the  sizable  role  in  practical 
application/appendices. 

first,  not  always  and  not  in  all  stages  of  the  investigation  are 
necessary  data  of  high  degree  of  accuracy,  especially  as  this  is 
reached  by  the  value  of  sufficiently  complex  calculations. 

Page  583. 

In  the  second  place,  such  estimates  can  serve  as  the  determined 
means  of  the  analysis  of  the  role  of  separate  factors,  help  to 
monitor  the  obtained  results. 

Thirdly,  they  can  be  used  in  the  method  successive 

approximation,  especially  in  the  problems  of  aeroelasticit y [1.19], 
[1.20],  [1.32].  Here  always  arises  the  guestion  concerning  the 
rational  combination  of  elastic  problem  with  aerodynamic,  since  the 
loads  depend  on  the  strains  of  wing,  and  strain  they  are  determined 
by  loads.  In  the  first  approximation,  of  strain  it  is  possible  to 
find  through  the  loads,  calculated  approximately,  and  then  to 
transfer/convert  to  the  determination  of  loads  by  precise 
calculat ions. 


Among  approximation  methods  are  examined,  first  of  all,  the 
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hypotheses  of  hamony  anfl  stability,  which  can  be  applied  both  at 
snail  and  at  high  speeds.  For  supersonic  speeds  wide  acceptance 
received  piston  theory.  And  finally,  by  supersonic  speeds  of 
estination  and  stationary  and  unsteady  characteristics  they  can  be 
conducted  according  to  the  method  of  tangential  wedges.  These 
approaches  are  also  illuainated  in  work. 

Large  value  have  the  distinct  physical  representations  of  the 
peculiarities  of  unsteady  wing  characteristics.  Since  the  total 
analysis  of  this  question,  based  on  the  exaaination  of  the  setting  of 
problem  or  any  formulas,  is  impossible,  remains  one  path.  It  is 
connected  with  research  on  the  results  of  the  numerical  calculations, 
accompanied  by  considerations  and  the  explanations  of  general 
character,  which  sometimes  rest  on  the  data  of  experiment  or  the 
approximation  formulas.  Thus  is  studied  the  effect  of  the  Mach 
number,  the  geometric  parameters  of  wing,  Strouhal  number,  laws  of 
the  motion  of  wing  or  change  in  the  gust  in  time  for  the  fundamental 
wing  characteristics.  In  many  instances  this  is  made  in  an  example  of 
the  wings  of  three  planforms;  rectangular,  triangular  and  swept  one 
elongation  (X  = 2.  5)  . 

Each  researcher  in  his  work  must  rest  not  only  on  the 
calculation  methods,  but  also  for  ready  data.  It  is  logical,  then 
must  be  sufficiently  in  order  that  it  would  be  possible  to  study  the 
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notions,  corresponding  to  different  nunbers  M,  with  different  wing 
planforn,  etc.  But  their  must  not  be  too  nuch,  otherwise  initial 
naterial  becoaes  bulky  and  and  cunbersoae.  The  authors  paid 
considerable  attention  to  the  rational  selection  of  this  naterial  and 
weighed  out  to  it  noticeable  place  in  the  last/latter  part  of  the 
work.  In  the  preceding/previous  sections  already  were  given  some 
known  and  sufficiently  numerous  precise  values  of  the  coefficients 
aerodynamic  derivative  and  transient  functions  mainly  for 
two-dimensional  problems.  They  also  can  be  used  by  the  reader. 


Page  584. 


Are  given  below  systematic  materials  for  finite-span  wings  with 
constant  sweepback  on  leading  and  trailing  edges,  the  plan  form  for 
this  wing  is  determined  by  three  dimensionless  parameters:  the 
elongation  X,  by  contraction  ij  and  by  sweep  angle  on  leading  wing 
edge  xo-  The  coefficients  aerodynamic  derivative  these  wings, 
furthermore,  they  will  depend  on  nunbers  M and  p ♦.  The  there  is 
basic  interest  for  above  target/purposes  indicated  in  case  of  p ♦ ^ 

0.  Then  the  number  of  arguments  can  be  abbreviated/reduced  to  one  by 
introduction  of  the  similarity  parameters.  As  them  are  undertaked  kX, 

4-  ire  given  the  corresponding  data  at  subsonic  and  supersonic 
speeds,  including  the  cases,  when  wings  have  subsonic  leading  and 
trailing  edges. 
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Furthermore,  mainly  for  rectangular  and  delta  wings  are 
represented  in  the  fora  of  curwe/graphs  transient  functions  for  the 
<li-fferent  problems  (a,  ui,  Ux.  A),  which  characterize  the  notion  of  wings 
without  strain. 

||s  it  shows  the  mult  if  light  work  experience  of  the  authors,  this 
material  most  frequently  it  is  required  with  the  solution  of  the  most 
diverse  tasks  with  the  use  of  unsteady  aerodynamics. 


PAGE 


5;PECrAL  FEATURES  OF  THE  PRACTICAL  OSE  OF  DOHAHEL  INTEGRAL  IN  TASKS  OF 


AERODYNAMICS 


51.  Calculation  formulas  for  arbitrary  time  dependences 


Let  the  wing  complete  arbitrary  aperiodic  motion  and  enters  in 
the  gust,  dimensionless  kinematic  parameters  of  which  are  assigned  in 


the  form 


the  maximum  value  of  the  module/modulus  of 


the  dimensionless  kinematic  parameter,  r - tUo/b  - dimensionless 
time,  f (r)  are  an  arbitrary  function  of  dimensionless  time.  To  the 


beginning  of  unsteady  process  it  corresponds  t 


0,  whereupon  <7,  0 
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designation 

(25.2) 

then,  as  shown  in  chapter  VI,  the  aerodynamic  characteristics  with 
the  motion  and  tha  gust,  assigned  in  the  form  (25.1),  are  determined 
from  the  dependences 

T 

c,,  (t)  = f (0)  (t)  + 2ixk,^  ^ + 1 ^ (x  - T.)  rfT,.  (25.3) 

0 

Here  Aq^(x)  = ^c(i)jq]^  is  a transient  function  of  the  corresponding 
characteristics  luring  stepped  variation  in  the  kinematic  parameter 
<Jt',  fiqi  - the  coefficients  of  apparent  additional  masses  for  the  total 

characteristics.  If  are  examined  distributed  loads,  then  instead  of  kg^ 
are  taken  circulations  r(')  [see  part  of  I,  the  formulas  (6.79)  - 
(6.82)  ■],  which  are  determined  during  noncirculatory  flow  about  a wing 
of  the  incompressible  medium.  Factor  m is  equal  to  one  with  M=0 
and  zero  with  M 0 and  with  any  M in  the  case  of  the  gradual 
entrance  into  gust. 

Page  586. 
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Transient  functions  can  have 
instance,  in  the  case  of  the 
value  of  transient  functions 
isolation/liberation  of  this 


special  feature/peculiacities . Thus,  for 
incompressible  fluid  ( M = 0)  with  t = 0 
goes  to  infinity.  The 

special  feature/peculiarity  is  conducted 
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by  neans  of  the  axamination  of  noncirculating  flow  and  by  the 
introduction  of  the  apparent  additional  aasses  of  wing  (see  Chapter 
VT) . In  formula  (2'i.  3)  this  special  feature/peculiarity  is  isolated 
and  are  accepted  the  value  only  of  regular  part  of  the  transient 
function.  In  this  case,  and  also  in  the  case  of  the  compressed  medium 
(0<M<1  - subsonic  speeds)  transient  process  bears  asymptotic 

character  (transit  time  infinitely) , as  this  is  shown  by  dotted  line 
in  Fig.  25.1.  At  supersonic  perturbation  rates  they  are  spread  only 
downstream  and  transient  process  is  final  in  time  (Fig.  25.1).  This 
simplifies  the  use  of  a Duhamel  integral  at  supersonic  speeds.  The 
special  feature/peculiarities  of  the  behavior  of  transient  functions 
indicated  must  be  taken  into  account  in  obtaining  the  calculation 
formulas. 

Tn  practice  transient  functions  are  obtained  by  the  calculations 
according  to  above  numerical  methods  presented.  Therefore  the  values 
of  transient  function  will  be  known  for  a series  of  the  discrete 
values  of  dimensionless  time  up  to  certain  finite  quantity  t*. 

Are  known  also  of  the  calculations  of  the  coefficients  of  aerodynamic 
derivatives  with  p ♦ 0 limiting  values  of  transient  functions 

with  T = •: 

^,^(oo)-c’'(0).  (25.4) 

Therefore  during  the  derivation  of  the  formulas  of  this  paragraph  let 


u 


1 


— — - ^ 
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US  consider  that  the  values  of  transient  function  are  assigned  for  a 
series  of  the  equidistant  froa  each  other  discrete  values  tj  in  the 

for*  of  table  ^1// (t/)  to  the  finite  value  t*.  FurtherBore,  are 
known  limiting  values  >4,^  (oo),  whereupon  with  M > 1 t/,  it  is  undertaked 
in  such  a way  that  the  transient  process  ended.  Thus,  with  M > 1 

A^^[xk)=  Ag^(oo).  (25.5) 

With  M<1  and  sufficiently  large  let  us  assume  that  the 

transient  function  can  be  approximately  represented  in  the  form 

A„^(x)=‘  A^^{oo)-  (25.6) 

i 
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Thus,  for  any  t > t*  value  of  transient  function  with  M<l  they 
are  deterained  from  the  relationship/ratio 

(t)  = (oo)  - [A,,  (CO)  - e-"  (25.8) 

Farther  cut  0<!T<Tft  a change  in  the  transient  function  is 
divisible  to  interval/gaps  At  (Fig.  25.2)  in  such  a way  that  values  ty 
would  coincide  with  the  data  of  the  table  of  the  calculation  of 
transient  function.  For  each  of  by  section  Tj_i<T<Tj  transient 
function  we  approximate  by  the  line  segment; 

A,^  (t)  =.  (t  - T/_,).  (25.9) 

» I /-I 

It  is  analogous,  function  f (r) , that  characterizes  a change  in 
the  kinematic  parameter  in  time,  also  we  approximate  by  piecewise 
linear  function  (Fig.  25.3)  in  the  sane  interval/gaps,  as  transient 
function,  i.  e. , in  interval/gap  we  set/assune 


(25.10) 
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Piq.  25.2.  Approximation  of  transient  function. 


25.3.  Approximation  of  a chanqe  in  the  kinematic  parameter. 


Page  588. 

By  substituting  (25.9)  and  (25.10)  in  (25.3),  by  performing  the 
integration  for  ssctions,  we  will  obtain  the  calculation  formula  for 
determining  reaction  at  torgue/moment  t»: 
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C,  (..)  - f (0)  < + S (/,  - 

/-I 

(25.11) 


Here  jj  ■=  0 with  M>0  and  p = 1 with  M = 0,  but  during  the 
deteraination  of  loads  on  the  ving,  entering  gradually  the 

alternating/variable  from  coordinate  gust,  - 0 with  all  numbers  M. 
For  the  total  characteristics  they  are  the  appropriate  values  of 

the  coefficients  of  apparent  additional  masses  kgg,  k**,  k**, 

while  for  those  which  were  distributed  they  are  equal  to  r<*>,  r«>  or  n®'. 
These  values  can  be  underbaked  from  chapter  of  XXVII  or  determined  by 
the  method,  presented  in  chapter  XII- 

In  the  form  of  examples  in  Fig,  14.67,  14.68  and  24.42  were 
given  the  comparisons  of  the  results  of  the  calculation  according  to 
formula  (25.11)  of  the  lift  of  different  wings  at  the  linearly 
growing  in  time  angle  of  attack  a with  the  results  of  direct/straight 
calculations  with  M -=  0 and  M = 1.4.  Direct/straight  calculations 
with  M=0  were  performed  by  the  numerical  method,  presented  in 
chapter  XI,  with  M=l,4  were  utilized  the  formulas  [1.78]. 

Figure  25.4  gives  the  analogous  comparisons  of  a change  in  the 


Im 
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airfoil  lift  of  infinite  elongation  (X  * •)  with  M - 1,4  and  change 
in  the  angle  of  attack  according  to  the  law 


T > r. 


(25.12) 


Pig.  24.43  contains  the  conparison  of  analogous  calculations 
upon  the  gradual  entrance  of  this  wing  into  the  linearly  growing  in 
coordinate  gust.  Figure  24.44  gives  for  M=3  data  on  the  lift  of 
delta  wing  X = 2. 5 upon  the  gradual  entrance  into  the  linearly 
growing  gust  and  a with  change  in  the  angle  of  attack  a in  linear 
law. 
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Fiq.  25.4.  Wing  X = •,  m-i.4. 

according  to  Duhanel  integral 


Coaparison  of  the  calculations 
(point)  with  by  precise  data  (curves) 


Page  589. 


52.  Calculation  foraulas  for  deteraining  the  coefficients  of 
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aerodynamic  derivatives  with  finite  Strcuhal  numbers. 


For  the  coefficients  aerodynamic  derivative  loads  of  the 
harmonically  oscillating  wing  we  have  (see  Chapter  VI)  following 
conmunication/connection  with  the  transient  functions: 


c’'(p*)  = P*  J \ (t)  S'" 

0 

oo 

c'*'  (pi  = J ^9,  ("r)  COS  p'x  di  + 


(25.13) 


where 


c = Cy,  m^,  m/,  Qt  = a,  (o„  u,, 

^ = 1 wUi  M = 0 II  n = 0 ""ih  M # 0. 


>^s  in  the  praceding/previous  paragraph,  we  count  that  the  values 
of  transient  function  are  assigned  for  discrete  values  T(  np 
to  the  finite  number  Xk-  Furthermore,  is  known  value  Aq^  with  r » 

We  take  also,  that  the  value  t*  in  M > 1 corresponds  to  the 
end/lead  of  the  transient  process. 
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As  we  see,  the  integrands  are  the  oscillatory  functions  and  the 
numerical  deter aination  of  integrals  it  can  lead  to  a considerable 
reduction  in  the  accuracy.  Therefore  for  the  calculations  i*?  utilized 
the  procedure,  when  the  integrals  are  determined  analytically  in  the 
separate  interval/gaps  of  integration  and  then  are  summarized.  For 
this  let  us  present  expressions  (24.13)  in  the  form 


OO 

c’'  (p')  = p'  I (t)  sin  p’t  dr  + p’  J (x)  sin  p'x  dr, 

0 h 

oo 

c"*'  (p’)  = j (t)  cos  p’x  + J (x)  cos  p’x  dx  + 2nk^^. 


(25.14) 


We  consider  that  for  all  T*<x<oowith  M<1  the  transient  function 
can  be  represented  in  the  form  (25.8),  where  a is  determined 
according  to  the  results  of  numerical  calculations  \(x)  according 
to  (25.7).  With  M>1  and  x*  < x < oo  the  ralues  of  transient  functions 
are  constant  and  are  determined  by  relationship/ratio  (25.5). 
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For  the  calculation  of  integrals  we  approxinate  transient 
function  by  the  functions,  which  allow/assuae  the  analytical 
determination  of  the  integrals  entering  expressions  (25.14),  For 
example  as  in  the  preceding/previous  paragraph,  transient  function 
for  each  of  the  cuts  we  approximate  by  the  cut  of 

straight  line,  determined  on  (25.9),  but  with  t>T(,  let  us  present 
it  in  the  form  (25.8). 


During  integration  let  us  accept  [1.94] 


•0  ee 

r r cos  p*x. 

sin  p*T  rft  “ lim  a~®^sin  p*TrfT  = 

J o-*0  ^ P 

oo  oo  * 

f f sin  p*T. 

cos/?TaT=lim  \ e~°'^  cos  p X d-z  = 

J a-*o  J P 


(25.15) 


As  a result  we  will  obtain  the  following  relationship/ratios  for  the 
calculation  of  the  coefficients  of  the  aerodynamic  derivatives; 
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X (sin  p Xf  — sin  p'xi-\)  + [y4,^  (too)  — Aq^  (t*)]  cos  p'xk  — 
- V (X«)  - .1,,  (T*)] 

(p-)  — 4 U y 


+ p*' 


/-I 


(25.16) 


X (cos  p-T/  - cos  p‘x,-{)  - [Aq^  (t«)  - Aq^  (t»)]  sin  p'x,  + 
+ V [.4,,  M - .4.,  (,.)j  p-  + 2p»., 


Here  v = 0 with  M > 1.  p = 0 with  M>0  and  p = 1 with  M = 0, 
but  walaes  kq^  with  M=0  are  equal  chorrespond  to  bound  masses,  i 
this  was  shown  in  chapter  VI. 

Formulas  (25. 16)  can  be  used  also  for  the  calculation  of  the 
coefficients  of  aerodynamic  derivatives  with  harmonic  gust.  In  this 
case  M = 0 with  all  Mach  nuwbers.  Recall  that  in  this  case  the 
coefficients  of  aerodynamic  derivatives  will  correspond  to  the 
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posit-lon  of  the  beginning  of  the  connected  with  wing  axes  on  the 

spout  of  root  chord  (if  reading  r is  conducted  fron  the  torque /moaent 
of  the  beginning  of  the  entrance  of  the  spout  of  root  chord  into  step 

gust)  f and  as  characteristic  linear  diaension  is  accepted  root  chord. 
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The  coefficients  of  aerodynamic  derivatives  in  the  case  of 
harmonic  gust  in  the  other  position  of  the  axes  are  obtained  by  the 
recalculation  of  data  according  to  the  formulas 


cos  p\  + p'c^  sin  p\. 

sin  p%  + cA  cos  p\, 

- lift)  P'^  + P'  ~ Vv)  PX' 

("'z  - Vv)®'"  PX  + ('"*  - P\. 


(25.17) 


Here  through  c ace  designated  the  coefficients  in  the  position  of  the 
beginning  of  axes  in  the  spout  of  root  chord,  and  through  c,  - in  new 
position,  = Xo/b  - displacement  into  the  portions  of  the  root 
chord  of  new  beginning  relative  old. 
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The  recalculation  of  the  coefficients  of  aerodynamic  derivatives 
for  other  charactar ist ic  size/dimensions  is  conducted  by  formulas 
{21.9),  given  below. 

Higher  in  Figs.  13.2-13.5,  19.24-19.31,  22.3,  22.4,  22.8  and  22.9 
were  carried  out  the  comparisons  of  the  coefficients  of  the 
aerodynamic  derivatives  of  wing  X = - with  the  different  Hach  numbers 
and  Strouhal,  obtained  by  the  calculations  according  to  Duhamel 
integral,  with  tha  results  of  the  precise  or  direct/straight 

numerical  calculations.  Figure  25.5  in  the  form  of  an  example  gives  a 
change  in  the  square  modulus  of  the  transfer  function  of  lift  \Hcyip')f 
delta  wing  with  M = 1,4,  obtained  from  Duhamel  integral  and  from  exact 
solution.  As  we  see,  and  these  results  are  located  in  good  agreement. 

^3.  calculation  procedure  with  the  aid  of  Duhamel  integral. 


During  the  final  adjustment  of  the  procedure  of  the 
application/use  of  formulas  (25.16)  for  the  calculation  of  the 
coefficients  of  aerodynamic  derivatives  the  primary  attention  was 
given  to  the  effect  of  the  number  of  separations  of  the  range  of  a 
change  in  the  transient  functions  to  the  accuracy  of  the 


calculation 


AD 

A04900 
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Tables  25.1  and  25.2  in  the  fora  of  an  ezaaplo  shows  the  affect 
of  the  nunber  of  separations  n into  value  cj  for  a wing  V = - at 
nnnbers  M - 0 and  M -1,4. 


' 

\ 

L 

\ 

1 

V. 

f p> 


Pig.  25.5.  Square  nodulus  of  the  transfer  function  of  airfoil  lift  X 
= - with  m-1.4.  Curve  is  exact  solution,  points  are  the  calculation 
according  to  Duhaael  integral. 
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Tn  the  calculation  were  utilized  precise  values  of  transient 
functions  [-^^].  given  respectively  in  chapters  XIII  and  TXIII. 
Value  T*  - 5 at  M = 0 and  x*  - 3.5  at  M “ 1,4.  section  was 
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divided  consecutively  into  n = 5,  10  and  20  interval/gaps.  The 
results  of  the  calculations  according  to  the  aethod,  presented  in  §2 
the  present  chapter,  were  conpared  with  the  results  of  exact 


solutions  for  the  series  of  the  nuabers  of  Strouhal  p • and  the 
diaensionless  paraaeter  (see  Tables  25.1  and  25.2). 


J 
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Table  25,1.  cj  for  a wing  X » M*£>. 


p’ 

Tomiioc 

PacgeT  c iiouombto 
HHTerpaaa  JX^outnn 

petiie- 

line 

n ^5, 
AT  • I 

n * 10, 
AT -0.5 

n-20. 

AT -0.25 

0,12 

5.593 

5,689 

5,677 

5.637 

0.4 

4.572 

4,505 

4,514 

4,520 

0.8 

3,927 

3,954 

3,951 

3,951 

1.2 

3.637 

3.633 

3,632 

3,632 

1.6 

3,482 

3.465 

3,478 

3,480 

2 

3.389 

3.378 

3,395 

3,393 

3 

3,274 

3,231 

3.273 

3,271 

4 

3,223 

3,181 

3,218 

3,225 

5 

3,196 

3,177 

3,190 

3.199 

10 

3,157 

3,148 

3,153 

3,144 

Key:  (1).  Exact  solatlon.  (2).  Calcalation  with  the  aid  of  Duhaael 
integral. 


Table  25.2.  c“  for  a wing  x * M = /.  V- 


P* 

ToMHoe 

^^^PaCHCT  C llOHoi4bio 

HHTerpa;ia  AioaMeae 

peuie* 

line 

n — 5. 
At -0,7 

1 ■ 

n-20. 

At -0,175 

0,2 

4,062 

4,061 

4,064 

4,032 

0,6. 

3,903 

3,901 

3,917 

3,910 

1,0 

3,618 

3,614 

3,647 

3,633 

1.5 

3,178 

3,169 

3,206 

3,191 

2.0 

2,763 

2,750 

2,757 

2,758 

2.5 

2,477 

2,459 

2,419 

2,447 

3.5 

2,382 

2 350 

2,328 

2,361 

5.0 

2,632 

2,585 

2,770 

2,696 

Key:  (1).  Exact  eolation.  (2).  Calcalation  with  the  ail  of  Duhaael 
integral. 


Fig.  25, fi.  Effect  of  the  error  in  transient  function  on  the 
coefficients  of  aerodynaaic  derivatives. 

Key;  (1).  Without  error.  (2).  With  error  8o/o  in  transient  function. 

Page  593. 

As  is  evident,  already  with  n = 10  results  of  nunerical  calculations 
with  the  aid  of  Duhaael  integral  differ  from  precise  values  c“(p') 
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only  in  the  third  sign.  Thus,  the  proposed  procedure  gives  sufficient 
practical  accuracy. 


When  conducting  the  calculations  in  practice  largely  are 
utilized  the  transient  functions,  obtained  by  the  calculations 


according  to  nunerical  aethods.  In  this  case  there  can  be  the  saall 


local  distortions  of  the  form  of  transient  function  (Pig.  25.6).  This 
local  distortion  of  transient  function  leads  to  the  oscillatory  error 


in  the  coefficients  of  aerodynaaic  derivatives  as  is  shown  in  Fig 


25.6.  In  this  case,  if  the  distortion  of  transient  function  occurs  at 


large  values  t,  frequency  increases,  and  if  with  snail  r - decreases 


64.  Examples  of  the  calculations 


The  order  of  numerical  deternination  with  the  use  of  a Duhanel 


integral  of  aerodynamic  characteristics  under  the  arbitrary  laws  of 
motion,  and  also  the  coefficients  of  aerodynamic  derivatives  with 
finite  Strouhal  numbers  let  us  show  for  a Mach  number  M - 0.  This 
case  is  common/general/total,  since  for  M = 0 transient  functions 
with  T — > • the  aim  is  asymptotic  for  limiting  values  and  it  is 

necessary  to  consider  the  apparent  additional  masses  of  wing. 
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Arbitrary  law  of  aotlon.  In  the  fore  of  an  example  let  us  fin<1« 
as  will  be  changed  depending  on  dimensionless  time  r the  airfoil  lift 

of  infinite  elongation  (X  = •)  , when  angle  of  attack  is  changed  as 
follows  (dotted  line  in  Fig.  25.7)  : 


a (t)  — o*T 
o (t)  - a' 

a (t)  = a*  — a’  (t  — 2) 
a(T)  = 0 


InkMi  0<T<  1,  I 
a<h  i<T<2,  ' 
uAien  2 ^ T ^ 3,  I 
<vh«>i  T > 3.  j 


(25.18) 


For  an  infinite-span  wing  according  to  (13.36)  kgg  = w/H. 

Calculations,  carried  out  by  formula  (25.11),  are  given  in  table 
25.3.  For  the  purpose  of  an  abridgement  of  table  the  interval/gap  of 
dimensionless  time  Ar  between  the  calculated  torgue/moments  is 
undertaked  large,  namely  At  = 0.5.  In  the  table  it  is  taken  into 
account,  that  with  tj  — 2 and  — 3 the  derivative  da(t)ldx  i* 

changed  by  junp.  For  these  values  r the  derivative  and  final  results 
have  two  values.  The  nunerical  values  of  transient  function  k,(T)/a‘] 
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are  andertaked  fron  7'able  13.3.  The  results  of  the  calculation  of  a 
change  in  the  lift  coefficient  {C|,(t)/o*)  for  the  law  of  change  a in 
question  are  shown  in  Fig.  25.7  to  unbroken  curve. 


Page  594. 


Table  25.3.  Calculation  of  aerodynaaic  loading  under  the  arbitrary 
law  of  notion. 


Ty  = j At,  ft  = i At 

fi 

dfj  //-//- 

df  At 

f^] 

9 (/|-W-(8) 

10 

M (/3-/.)-(8) 

12  (h-f,)(8) 

13  (/s-/«)-(8) 

14  (/.-f,)-(8) 


2.0  2.5  3.1 

1.0  0.5  0 

0 -0.5  -0.5 


3.0  3.5 

0 0 


1 57  j 1'8 


(-?  1-i 


3,14  3.77  4.21  4,52  4.76  4.95  5.11  5.23  5.34  5.42 


3,99  4.37 

2.00  2,19 

1,73  2.00 

0 


4.64  4.86  5.03  5.17 

2.32  2.43  2,52  2.59 

2.19  2,32  2,43  2.52 


- -1,73  - 2,00  - 2,19 

' - -1,73  -2,00 
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Harmonic  laws  of  motion.  The  coefficients  of  the  aerodynamic 


^•riTatives  of  the  airfoil  lift  of  infinite  elongation  (X,  = ■)  with 

M ^ 

/fp  ♦ = 3 and  a change  in  the  angle  of  attack  in  harmonic  law. 


designed  in  formulas  (25.16),  are  brought  to  tables  25.4  and  25.5. 


The  interval/gap  of  integration  from  r = 0 to  t = 3 is  broken  into 
cuts  At  = 0.5. 


Pig.  25.7,  Change  of  the  airfoil  lift  X * « in  the  incompressible 

<» 

Mdiom  for  the  assigned  law  a (r) . 


PAGE 


Table  25.5 


(A  H3  Ta(S;iHUtii  25.4) 


1,1781 

10 

(9) 

a*  + p'^ 

11 

(l)-(IO) 

-1,0734 

12 

c2“(5)-(ll) 

13 

Bjp'*  (B  H3  Ta6.3HUU  25.4) 

14 

sin  p*T* 

0,0776 

15 

(13) -(14) 

16 

p*  sin  p’t* 

3,2192 

17 

a cos  p't* 

18 

(16) -(17) 

2,1458 

19 

(18) 

0,0783 

p**  + a* 

-2,7333 

20 

(1)-(19) 

-2  6550 

21 

(15) + (20) 

-7,9650 

22 

cj- (21) + 2*22 

1 -1 

■ fv  (t*)  ] 

Js-co  1 

. a-  J 

1 - 

\Cy  (T*)|| 

L a-  JJ 
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The  nuaerical  values  of  transient  function  [Cy(T)/a*]  are  andertaked 
from  table  13.3.  Value  of  the  coefficient  of  apparent  additional  aass 
k*2  = »/U.  The  values  « it  was  deterained  froa  (25.7),  for  which  were 
taken  the  value  fc,(T)/a*]  with  t = t*  = 3 and  t =»  = 6.  Substituting  the 

appropriate  values  in  for  aula  (25.7),  we  have  • = 0.19.  Hith  p ♦ = 3 
were  obtained  the  followinq  values  of  the  coefficients  of  the 
aerodynamic  derivatives: 

1.427. 

Precise  values  of  these  coefficients  with  this  Strouhal  number  (see 
table  13.1)  are  equal  to  c“— 3,274,  c*  = 1,417.  Consequently,  even 
during  the  taken  rough  separation  of  the  interval  of  integration 
error  does  not  exceed  3o/o. 


[ 
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51.  Hypothesis  of  haraony  and  its  substantiation.  Stability 
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hypothesis. 

i 


I 


The  use  of  the  integrals  of  Fourier  or  Duhaniel  in  principle 
solves  the  problen  concerning  the  deternination  of  aerodynamic 
loadings  on  lifting  surface  during  its  unsteady  motion  along  any 
laws.  However,  tha  practical  application/use  of  these  methods 
frequently  turns  out  to  be  difficult.  For  example,  for  using  a 
Fourier  integral  it  is  required  to  preliminarily  study  of  the 
aerodynamic  loads  on  body  during  bis  harmonic  oscillations  in  the 
range  of  frequencies  (or  Strouhal  numbers)  from  zero  to  infinity. 
During  the  use  of  a Duhamel  integral  it  is  necessary  to  preliminarily 
calculate  transient  functions  in  all  range  of  dimensionless  time  0-<t< 
T*  < 00.  Therefore  one  of  the  important  tasks  is  the  indication  let 
less  strict,  but  sufficiently  simple  method  of  determining  the 
unsteady  total  and  distributed  aerodynamic  characteristics.  In  this 
paragraph  are  given  the  presentation  and  the  substantiation  of  the 
approximate  procedure,  named  the  "hypothesis  of  harmony". 


I 


] 


1 


j 

! 


j 

f 

i 

i 


Lift  coefficients  c„  as  was  shown  earlier  f see  (2.24)],  it  can 
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be  represented  in  the  fora 


= cja  + cjd  + + cj  6 + cj  6 + A + A.  (26. 1) 


Analogously  can  ba  written  another  total  and  distributed  aerodynaaic 
characteristics.  The  coefficients  of  aerodynaaic  deriwatiwes  c’', 
do  not  depend  on  tiae  and  for  this  lifting  surface  are  the  functions 
of  the  aean  incidence  a^,  of  the  anplitude  walues  of  the  Icineaatic 
paraaeters,  Mach  numbers,  strouhal  and  Reynolds.  In  the  linear 
theory,  which  examines  the  ideal  aediua,  they  will  not  depend  on  the 
anplitude  values  of  the  parameters  and  on  Reynolds  number. 


Page  599. 


Representations  of  type  (26.1)  are  convenient  by  the  facts  that 
are  isolated  the  relationship/ratios,  which  in  a whole  series  of  the 
cases  turn  out  to  be  basic,  and  the  main  parameters,  which  affect 
aerodynamic  characteristics,  are  given  in  an  explicit  fora.  The 
coefficients  of  aerodynamic  derivatives  possess  therefore  series 
convenient  for  their  use  properties.  Specifically,  the  calculations 
according  to  linear  theory  and  the  analysis,  conducted  in  the 
following  chapter,  testify  to  the  weak  dependence  of  these 
coefficients  on  Strouhal  number  for  low-aspect-ratio  wings  with  all 
Mach  nuabers  and  for  the  wings  of  any  planfora  at  large  values  M. 


i 
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When  the  dependence  of  the  coefficients  aerodynaaic  derivative 
total  and  distribated  aerodynaaic  characteristics  on  Strouhal  nuaber 
is  obtained  weakly,  it  is  possible  to  expect  that  these  coefficients 
will  bear  a coaparatively  universal  character.  In  their  this  case  it 
is  possible  to  utilixe  in  the  approxiaate  coaputations  for  any  laws 
of  a change  in  the  kineaatic  paraaeters  and  paraaeters  of  strain  in 
tiae.  The  assuaption  indicated,  introduced  into  the  practice  of  the 
aerodynamic  investigations  by  S.  w.  Belot serkovskiy  into  1959,  let  us 
call  the  hypothesis  of  harmony.  According  to  this  hypothesis 
determining  the  total  and  distributed  aerodynamic  characteristics  one 
should  produce  on  the  basis  of  representations  of  type  (26.1).  The 
coefficients  of  aerodynaaic  derivatives  in  siailar 

relationship/ratios  are  taken  from  the  calculations  or  experiments  at 
haraonic  dependences,  and  the  value  of  the  kineaatic  paraaeters  <7,,  <7, 
they  are  determined  on  the  basis  of  their  time  dependences. 


Let  us  give  the  substantiation  of  this  hypothesis  for  periodic 
processes.  Since  for  linear  tasks  is  valid  the  principle  of 
superposition,  particular  motions  and  strains  it  is  possible  to  study 
independent  of  each  other,  but  the  general  case  to  represent  in  the  ^ 

fora  of  the  linear  combination  of  quotients.  Therefore  let  us  examine 
a change  in  any  kineaatic  paraaete,  e.g.,  a (t) . Reasonings  let  us 
give  only  for  a lift  coefficient  c,,  since  for  all  other  aerodynamic 
characteristics  result  is  obtained  analogous. 


I 
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Let  the  period  of  a change  in  the  angle  of  attack  in  tine  will 
be  2T.  Is  decoaposed  a (t)  and  a (t)  in  Fourier  series: 


1 


a«-anCOsnn-^  + h„sinnn-^, 


an"CnCOSrtn-^4-d„sinnji-^. 


\ (26.2) 


For  each  a„  and  d„  the  appropriate  value  of  lift  coefficient  let  us 
designate 

(Pn>  {Pn<  “ 0*  • (26.3) 


Page  600. 


Assuning  that  the  coefficients  of  aerodynanic  values  an  and  *«, 
according  to  the  principle  of  superposition  the  total  lift 
coefficient  Cy  Int  us  present  in  the  forn 


“ S Cyn< 


n — l 


(26.4) 


whereupon  we  consider  that  all  series  in  question  converge.  If  the 
dependence  of  coefficients  cj,  and  c;„  oo  p„  is  snail  and  it  can  be 


'j  \ 


! I 
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disregarded,  then,  by  onitting  index  n,  we  will  obtain 


2a.+c‘  2d 


Taking  into  account  of  relationship/ratio  (26.2),  we  cone  to  the 
fornula 


1 
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For  each  a,  and  &p  let  us  find  the  appropriate  values  of 
coefficients  c„,: 


M)a^  + cl^(p'.  M)d^. 


(26.8) 


ntilizing  principle  of  superposition,  we  find 


c,(t,  M)-  I c„dp*, 

0 

whereupon  we  consider  that  all  integrals,  exaained  above.  Bake  sense. 


Page  601. 


If  the  dependence  of  coefficients  on  p ♦ can  be  disregarded, 

then,  after  designating  the  constant  values  of  these  coefficients  by  p« 


and  cj,  let  us  have 


•f 


I) 


i 
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c,(r.  + a^dp\ 

0 0 

or 

c^(t.  M)  - cja  (t)  + cjd  (t). 

Thus,  the  hypothesis  of  haraony  gives,  for  exaaple,  the 
following  approxiaate  dependences  for  the  total  characteristics 
during  any  notions  of  wing  as  solid  body 

M)  = c®a(T)  + c^d(T)  + c“*(i>^(T)  + c**«^(T), 

M)  - m“a (t)  + m*a (t)  + (t)  + (t),  (26.9) 

'"x  (■'fi  M)  (t)  + (t). 


From  the  givan  reasonings  it  follows  that  the  hypothesis  of 
harmony  will  give  thereby  more  accurate  results,  the  lesser  the 
dependenca  of  the  coefficients  of  aerodynamic  derivatives  of  Strouhal 
number.  Furthermore,  the  accuracy  of  results  will  depend  also  on  the 
law  of  change  in  time  of  the  kinematic  parameters.  The  lesser  number 
of  harmonics  it  is  possible  to  present  these  laws,  those  will  be  more 
precise,  other  conditions  being  egual,  the  results  of  the  hypothesis 
of  harmony. 
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During  deteraining  the  aerodynanic  characteristics  of  the 
bodies,  which  accoaplish  unsteady  notion,  conparatively  wide 
acceptance  has  the  so-called  "stability  hypothesis".  According  to 
this  hypothesis  it  is  considered  that  all  aerodynaaic  loadings  the 
same  as  during  flow  of  stationary  flow  at  an  angle  of  attach,  equal 
in  aagnitude  to  instantaneous  true  angle  of  attach.  Thus,  upon 
consideration  only  of  linear  terms  in  stability  hypothesis  instead  of 
the  dependences  of  type  (26.9)  using  the  dependence  of  the  fora 


(26.10) 


where  a (t)  - the  instantaneous  value  of  true  angle  of  attach,  c“ 
the  coefficient  during  steady  notion. 


In  the  case  of  rotary  notion  around  transverse  axis  sonetines  is 
applied  the  "expanded  stability  hypothesis",  in  which,  for  example, 
the  dependences  for  Cy  are  accepted  in  the  fora 

+ (26.11) 

Page  602. 


H 
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51.  Hypotheses  of  harmony  and  stability  upon  the  gradual  entrance  of 
wing  into  gust. 
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The  hypotheses  of  haraony  or  stability  in  the  fora  (2  6.9)  and 
respectively  (26.10)  can  be  used  for  deteraining  aerodynaaic  loadings 
on  wing  froa  the  affect  of  linear  gust  only  when  gust  siau Itaneously 
(instantly)  encoapasses  whole  wing. 

If  body  at  any  speed  gradually  enters  in  gust,  then  the 
hypothesis  of  haraony  is  formulated  as  follows:  that  part  of  the 
body,  which  is  enveloped  by  gust,  it  is  subject  to  the  influence  from 
its  side;  on  remaining  part  it  is  accepted  that  there  are  no 
aerodynamic  loadings.  Loads  are  calculated  under  the  usual 
assumptions  of  the  hypothesis  of  haraony,  after  which  aerodynamic 
loading,  for  example  A'p,  it  is  represented  in  the  fora 

Ap  =•  p“a  + p‘d. 

The  coefficients  p“  and  p“  are  determined  for  a planfora  for  that 
part  of  the  body,  which  is  enveloped  by  gust,  during  its  harmonic 
oscillations  (usually  with  p ♦ — > 0).  Thus,  p“  and  p*  depends  on 

tine,  thus  far  ths  process  of  the  entrance  of  body  into  the  gust  not 
is  stopped.  Further  it  is  accepted  that  the  gust  can  change  in  the 
course  of  tine,  but  on  coordinates  it  does  not  depend. 

Let  us  examine  the  order  of  the  deter ainat ion  of  coefficients 
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Cy,  m,,  Xa  for  the  wing,  entering  the  gust  along  root  chord  (Pig.  26-1) 
Index  t let  us  note  all  values,  which  are  related  to  part  of  the 
wing,  included  by  gust  (in  Fig.  26.1  it  is  shaded).  For  a lift  we 


have 


K,-c„<7S„  c^,-c;,a  + cj,a. 


(26.12) 


whereupon  aerodynanic  derivatives  and  cj,  they  are  deterained  for 
a wing  with  geoaetric  paraaeters  h,  gi,  Xo/  By  relating,  as  usual, 
the  lift  coefficients  of  wing  to  the  area  of  entire  wing  s,  we  will 


obtain 


(26.13) 


Let  us  find  torque/moaent  M,.  by  counting  that  the  force  Y,  and 
torque/moment  M.,  are  known. 
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Fig.  26.1.  On  thn  calcalation  of  wing  characteristics  according  to 
the  hypo«-hesis  of  harncny  upon  the  gradual  entrance  into  gust. 


Page  603. 


Utilizing  standard  coordinate  system  with  beginning  on  the  middle  of 
root  chord,  we  have  Af*  = M„  + y« • OOi.  but 


therefore 


(26.14) 


I 

t 

f 

;■  ( 

^ . 

i: 

\ 

I ■ 

t 
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In  accordance  with  the  hypothesis  of  the  hacaony 

“ ^tiQSfbf,  bf^Utjf,  I 

+ '"J, a.  J (26.15) 

Yt  is  determined  by  formula  (26,12).  Relating  torque/moment  to  root 
chord  and  the  areas  of  entire  wing,  from  (26,  12),  (26.  15),  taking 
into  account  that 


it  - 


= T, 


we  will  obtain 


= {mlfl  + m%a)  t ^ + (c“,a  + c‘ d) 


I - T Hi 

2 "s' 


(26.16) 


After  are  determined  the  coefficients  m,  and  Cy,  it  is  not 
difficult  to  find  the  coordinate  of  the  center  of  pressure  or  focus 


^u. 


ntz 


■*n.  a 


If  we  in  all  formulas  of  this  paragraph  disregard  value  i,  then 
*iil  obtain  the  calculation  of  the  gradual  entrance  of  wing  into 
gust  according  to  stability  hypothesis. 


i 


M 


I 
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53.  Bxanples  of  the  application/use  of  hypotheses  of  haraony  and 
stability. 


In  the  fora  of  an  example  let  us  exaaine  the  application/use  of 
a hypothesis  of  harmony  to  the  case  of  the  gradual  entrance  into  the 
gust  of  rectangular  and  delta  wings  (Fig-  26.2). 


For  the  rectangular  wing 


S,  = IU^, 


lUot 
S ■ lb 


l>  u,t  ~ U^t  b 


X 

T 


and  according  to  (26,  13),  (26.  16) 


c„-(c“a  + cJ,d)T.  I 


P ioO^  • 

coefficients  cj,,  m«.  m*  ar«  determined  for  a 
rectangular  wing  with 
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For  a delta  wing  (see  Pig.  26.2) 

lb  I ^ ^ 


and  according  to  (26.13),  (26.16) 


c^-(c;a  + cJ&)T». 

+ '”J®)  + (‘^J®  **■ 


(26.18) 


Here  cj,  cj,  m®  mj  they  are  calculated  with  X, “X. 

Coapare  data,  based  on  the  application/use  of  hypotheses  of 
harmony  and  stability,  with  the  results  of  numerical  calculations 
according  to  linear  theory  at  subsonic  speeds.  In  accordance  with 
what  has  been  said  above  under  stability  hypothesis  let  us  understand 
the  method  of  the  calculation,  during  which  in  formulas  (26.9)  all 
coefficients  of  aerodynamic  derivatives,  except  c“  and  m®,  are 
reject/thrown.  This  comparison  helps  to  establish /install  the  fields 
of  the  applicability  of  the  hypotheses  indicated. 

In  chapter  of  TXVTI  are  given  the  aerodynamic  characteristics  of 
the  rectangular  and  delta  wings  of  different  elongation  X in  the 
incompressible  medium  CM  —0).  Has  examined  the  case  of  a change  in 
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the  angle  of  attack  in  the  course  of  tine  according  to  the  law 

o(T)-a*T.  (26.19) 


Figure  26.3-26.6  gives  given  data,  that  characterize  the  law  of 
the  increase  of  lift  coefficient  in  time,  and  also  the  position  of 
mean  aerodynamic  center  of  wing  relative  to  the  leading  edge/nose  of 
the  mean  aerodynamic  chord. 


As  we  see,  the  hypothesis  of  harmony  in  all  cases  gives  more 
correct  results,  rather  than  stability  hypothesis.  An  especially  good 
agreement  is  obtained  for  the  wings  of  very  small  elongation  (X  = 
0.5).  With  an  increase  X an  error  in  the  approximation  methods  they 
grow/rise.  This  is  explained  by  the  facts  that  during  small 
elongations  the  dependence  of  the  coefficients  aerodynamic  derivative 
wings  on  Strouhal  number  is  insignificant,  and  with  an  increase  X it 
becomes  ever  mote  noticeable. 


fig.  26.2.  On  the  calculation  of  the  characteristics  of  rectangular 
and  delta  wings  in  the  hypothesis  of  harmony  upon  the  gradual 
entrance  into  gust. 
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Fig.  26.3.  Rectangular  wings  (m-o).  Change  in  the  lift  during  a 
change  in  the  angle  of  attack  in  linear  law. 


Key:  (1).  Calculation.  (2).  Hypothesis  of  harnony.  (3).  Stability 
hypothesis. 


Pig.  26.4.  Rectangular  wings  iw-».  Position  of  focus  during  a 
change  in  the  angle  of  attack  in  linear  law. 


Key:  (1).  Calculation.  (2).  Hypothesis  of  harsony.  (3).  Stability 
hypothesis. 
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Fig.  26.5,  Delta  wings  (m-o). 


Lift  daring  a change  in  the  angle  of 


.-Ai sm' 
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attack  in  linear  law. 


Key:  (1).  Numerical  calculation.  (2).  Hypothesis  of  harmony.  (3). 
stability  hypothesis. 


Fig.  26.6.  Delta  wings  (m-oi  Position  of  focus  during  a change  in 
the  angle  of  attack  in  linear  law. 


Key:  (1).  Calculation.  (2).  Hypothesis  of  harmony.  (3).  Stability 
hypothes is . 


Pa.^  fS  i OC  — ir0  7. 


Examining  the  rotary  motion  of  the  wing,  with 
which  & — (i),  «=  const,  it  is  possible  to  write  the  following 
relationship/ratios  on  the  hypothesis  of  harmonicity: 


. A 


(26,20) 


and  on  stability  hypothesis: 


(26.21) 
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Figures  26. 7-26 ,9  depicts  to  the  dependence  of  coefficients 
and  ('”1)4+*^  on  diaensionless  tine  r,  obtained  on  the  basis  of 
numerical  calculation,  and  also  the  hypotheses  of  harmony  (26.  20)  and 
of  stability  (26.21).  As  an  example  are  examined  the  delta  wings  of 
three  elongations:  X = 0.5;  1.5;  5.0  - at  subsonic  speeds  (M=0,6).  The 
hypothesis  of  harmony  gives  an  especially  good  coincidence  with 
numerical  calculation  during  relatively  small  wing  aspect  ratio  (X  = 
0.5)  and  can  serve  good  method  of  approximately  determining 
aerodynamic  characteristics,  also,  during  the  rotary  motion  of  wing 
(see  Fig.  26-7,  26.8). 

At  supersonic  speeds  (M  = 1,2  and  M = 2)  analogous  comparison  is 
carried  out  for  plates  of  infinite  span.  The  more  the  number  M,  the 
the  calculations  according  to  the  hypothesis  of  harmony  they  coincide 
with  numerical  calculations  (see  Fig.  26.9). 

Is  given  below  an  example  of  the  numerical  calculation  of  the 

transient  function  of  delta  wing  X = 0.5  in  the  compressed  medium 

(M  - 0,6)  \ 

during  rotary  motion.  Values  and  determined  by 

precise  (numerical)  calculation,  are  compared  with  the  results  of  the 

approximate  computations  according  to  the  hypotheses  of  harmony  and 

stability.  The  coefficients  of  aerodynamic  derivatives  for  the  wing 

in  question  have  the  follominq  values:  c“-0,75,  c*- 0,1 99,  c^- 0,65,  m"- -0,375. 

[ ffA  - - 0,375.  J » » » * 

mj— -0,12,  ^ Tf  As  significant  dimension  is  here  undertaked  root  wing 

chord  b;  centering  in  the  leading  edge/nose  of  wing  (fr-O). 
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T«bl«  2ft. 1. 


0 

0,143 

0.286 

0.429 

0,571 

0,714 

O.S57 

2 

1.8297 

0,7158 

0,6995 

0,6903 

0.6943 

0,6969 

0,2734 

0,4560 

0,5564 

0,6555 

0,7541 

0,8539 

~ 

1,3618 

0,6653 

0,6529 

0,6458 

0,6486 

0,6507 

4.46 

1,6352 

1.1213 

1,2093 

1,3013 

1,4027 

1,5046 

0,849 

0 

0,95625 

0,10725 

1,0635 

0,2145 

1,1707 

0,32175 

1 .27725 

0,42825 

1,3845 

0,5355 

-1,3 

-1,2457 

-0,4426 

-0,4279 

-0,4229 

-0,4265 

-0,4279 

- 

-0,1818 

-0,3028 

-0,3645 

-0,4252 

-0,4857 

-0,5470 

- 

-0,9924 

-0,4607 

-0,4489 

-0,4449 

-0,4474 

-0,4487 

-3,33 

-0,493 

0 

-1,1742 

-0,5466 

-0,05362 

-0,7635 

-0,6002 

-0,1072 

-0,8134 

-0,6538 

-0,16087 

-0,8701 

-0,7071 

-0,2141 

-0,9331 

-0,7607 

-0,2677 

-0,9957 

-0,8143 

-0,3237 

13^1  ; t>  2.0  ,( 


t 

1.0 

1.143 

l.4» 

1,571 

IJH 

1,857 

2.0 

\^] 

0,6966 

0,6970 

0.6972 

0,6974 

0,6974 

0,6975 

0.6976 

0.6976 

0,9538 

l'.0534 

1,1531 

1 .2528 

1,3507 

1,4510 

1,5513 

1,6511 

[t] 

0,6505 

0,6508 

0,6510 

0,6511 

0,6512 

0,651 3 

0.6514 

0,6514 

1,6043 

1,7042 

1,8041 

1,9039 

2,0019 

2,1023 

2,2027 

2.3025 

(Cy)rapM 

(^y)cTa*x 

1,599 

0,75 

1,70625 

0,85725 

1,8136 

0,9645 

2,0272 

1,1782 

2.1345 

1,2855 

2,24175 

1,39275 

2,349 

1.5 

[-?] 

-0,4279 

-0,4282 

-0,4284 

-0.4284 

-0,4285 

("»z)d 

-0,6084 

-0,6696 

-0,7308 

-0,7921 

-0,8521 

[t] 

-0,4487 

-0,4489 

-0,4490 

-0,1491 

-0,4492 

-0,1492 

-0,4493 

-0.4493 

("•*)(»+», 

(7^*)r»pM 

(^»)cTiB 

-1.0571 

-0,868 

-0,375 

-1,1185 

-0,9216 

-0,4286 

-1,1798 

-0,9752 

-0,4822 

-1,2412 

-1,0288 

-0,5358 

-1,3013 

-1,0761 

-0.5891 

-1,3630 

-1,1357 

-0,6427 

- 1,4248 

-1,1893 

-0,6963 

-1,4861 

-1,243 

-0.750 
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Pig.  26,7.  Delta  wing  ( M - 

Key:  (1).  Numerical  calculation.  (2).  Hypothesis  of  haraonicity.  (3). 
Stability  hypothesis.  (4)  . Exact  solution. 

Fig.  26.8.  Delta  wings 

Key:  (1).  Numerical  calculation.  (2).  Hypothesis  of  haraonicity.  (3). 
Stability  hypothesis. 

Fig.  26.9.  Infinite-span  wing  (X  = •) . 

Key:  (1).  Numerical  calculation.  (2).  Hypothesis  of  haraonicity.  (3). 
Stability  hypothesis. 

Page  609. 
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The  results  of  the  calculations  conducted  are  brought  to  table 
26.1;  the  coaparlson  of  the  different  sethods  of  the  calculation 
given  also  in  Fig.  26.7  and  26.8. 

^4.  Method  of  the  local  pressures.  Method  of  tangential  wadges. 


Let  us  present  according  to  (2.24)  a difference  in  the  pressure 
coefficient  at  the  appropriate  points  of  lower  and  suction  sides  of 
wing  through  the  coefficients  of  the  aerodynanic  derivatives: 


0-1  l-l 
2 

+ P*'®*  + P“'“»  + P**«i  + P*fl  + p*A  + p'A  + p'‘A.  (26.22) 


The  coefficients  of  the  aerodynanic  derivatives  of  lift  and  noaents 
of  the  wing  of  syanetrical  planforn  are  connected  with  the 

coefficients  of  pressures  by  the  relationship/ratios  of  forn  (2.5), 
namely: 

i .1 


E , 
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“ 0 i, 

I i.  I 

'-'“"HI  I / J 

I i.  I 

I J P"'^ di,  mf'  = ^ j J' J p^i-x dx dz, 


(26.23) 


£ - _ 2« 
b 


vhere  — a.  Wx.  w*t  6.  A; .« — -f . z = -^,  *o.  *i  “ the  dinensionless 

coordinates  of  leading  and  trailing  wing  edges.  If  we  in 
relationship/ratios  (26.23)  take  the  precise  or  approxiiate  values  of 
pressure  coef f icia nts,  then  also  the  coefficients  of  the  aerodynaaic 

derivatives  of  lift  and  torgue/aonents  we  will  obtain  by  respectively 
precise  or  those  which  were  approxiaated. 


^ge  610. 


Let  froB  tha  calculation  or  experiaent  during  the  steady  aoti 


on 


I 
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of  this  wing  at  the  assigned  nuaber  be  found  the  coefficients  of 
pressure  "p  = p («>  . Let  us  find  derivative 

(26.24) 

Let  us  assume  that  this  derivative  during  unsteady  motion  can  be 
undertakei  by  the  same  as  during  steady  flow  (hypothesis  of  the  local 
pressures)  . In  this  case  the  mutual  effect  of  the  different  points  of 
lifting  surface  is  considered  in  the  simplist  form  of  notion  - to 
steady  flow. 


During  any  unsteady  notion  along  the  method  of  the  local 
pressures  we  have 


dp 


(26.25) 

(26.26) 


where  Oj  ” instantaneous  local  total  angle.  The  normal  component  of 
the  relative  disturbed  speed  of  the  nediun  W,  in  the  point  (x,  z)  of 

7 

surface  is  determined  fron  boundary  condition  (3.56*).  Thus,  in 
standard  system  of  coordinates  we  have 


ai-o  + »„i-a)^  + -^6-/46  + /^A. 


(26.27) 


Let  us  designate  pressures  on  lower  and  suction  sides  of  wing  by 
indices  respectively  and  then  aerodynamic  loading  at  the 

points  of  lifting  surface  will  be 


(26.28) 
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By  sabstituting  (26.27)  In  (26,26)  and  by  coaparing  Ap  with  (26.22), 
we  will  obtain  the  coefficients  of  aecodynaaic  pressure  derivatives 
in  terns  of  the  nethod  of  the  local  pressures: 


'■•-[IL-tlJ'.- 


rfo  I^J  dx  ’ 

_i£|  1/ 

da  l+J'-i’ 


(26.29) 


A A 

p M p*jri  . 


pS  - p*  - 0. 


By  substituting  these  expressions  in  (26.23),  we  will  obtain  the 
coefficients  aerodynanic  derivative  total  characteristics. 

In  certain  cases  it  is  possible  to  obtain  sinple  analytical 
expressions  for  function  dp/da. 

Page  611. 

Let  us  define  pressures  at  the  points  of  wing  approxiaatel y according 
to  the  nethod  of  tangential  wedges  [1.22],  i.e.,  by  accepting  dp/da 
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by  the  saae  as  of  wedge.  As  is  known  [for  1.8],  relative  pressure  on 
the  surface  of  wedge  in  the  linearized  supersonic  flow  equally 

P--^.  (26.30) 

where  0 is  a wedge  angle  relative  to  the  speed  of  undisturbed  flow, 
whereupon  0<o  during  the  flow  about  the  convex  angle  and  O>0 
during  the  flow  about  the  concave  angle  (Fig.  26.10).  Proa  (26.30)  we 


obtain 


dp  dp  _2  dp 

da  _ k ' da 


(26.31) 


For  the  coefficients  of  aerodynaaic  pressure  derivative  according  to 
(26.31)  let  us  have 

00=4.  _ 1 f „4  _ 1 


P = . P = —2  = — ~x  p*  - — ' 

p‘ - P*-^'  - p“*  = - 0.  I 


By  substituting  these  expressions  in  (26.23),  we  will  obtain  the 
values  of  the  coefficients  of  the  aerodynamic  derivatives  of  lift  and 
torque/Bonents  for  the  wing  of  the  assigned  planfora.  It  is  easy  to 
see  that  for  all  wings 


(26.33) 

Let  us  find  the  expressions  of  the  coefficients  of  aerodynamic 
derivatives  without  points  for  wings  with  direct/straight  edges.  The 
beginning  of  the  axes  let  us  place  in  the  spout  of  root  chord,  and 
for  significant  diaensions  let  us  accept  the  root  chord  b for  Oi*. 


and 
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An~^  and  to I - respectively  / and  Z^X  such  wings  of  the 

equation  of  leading  and  trailing  edges  in  the  adopted  systen  of 
coordinates  they  will  take  the  fora  (see  §2  chapters  1) 

j 


(26.34) 


Furthermore,  let  us  consider  that 


‘ A(n+i) 


^777777777777777777777, 


^<0 


Uo 


Fig,  26.10.  On  the  calculation  of  according  to  the  method  of 
tangential  wedges. 


Page  612. 

By  substituting  expressions  for  pressures  (26.  32)  in  (26.2  3)  and  by 
integrating  within  the  Units  indicated,  we  will  obtain 


1 
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c<«  = l 

» * ’ 


-i  fili+ILtl  + Jl  + 2 AiO^  1 
" * * L 3T)(t)+ I)  + 3,,  4 J- 

2 , J!l±2n  + 3 Ktgxo, 

3^  L r)‘  ^ ti»  4 r 


/»"'. I = L ^+3 

3*7T7- 


+ V + ^Ai£Xo,j2j 


(26.35) 


Tn  the  particular  case  of  the  rectangular  wings 

(26.36) 


c“  = - 
V t ’ 


a 2 « 2 


= 


4 

3* 


m.if‘  — — 


3* 


It  is  analogous,  for  direct/straight  delta  wings  (»)  = oo,  Atgxo=4) 

8 u_  8 


c“  = - 

V * ’ 


m=  — 


3k 


U 

C ' 
y 3k 


(26.37) 


Comparing  (26.36)  with  (22.13),  a (26.37)  with  (22.32),  we  see 
that  the  method  of  tangential  wedges  gives  the  results,  which 
coincide  with  exact  solutions  by  linear  theory  for  the  infinite-span 
wing  and  delta  wings  with  supersonic  edges  with  p»-*o.  The  sane  is 
obtained  for  the  distributed  characteristics  (loads).  For  the  wings 
of  the  final  elongation  the  results,  obtained  from  the  method  of 
tangential  wedges,  will  be  precise  solutions,  than  are  more  nunberA\ 
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and  wing  aspect  ratio. 


One  should 
coefficients  of 


again  emphasize  that  everything  said  concerns  only 
aerodynamic  derivatives  without  points. 


65.  Piston  theory. 


In  supersonic  speeds  frequently  is  applied  so-called  piston 
theory  [1.26%  Let  us  give  its  basic  cond iticn/positions  and  the 

escape/ensuing  of  them  relationship/ratios  for  aerodynamic  wing 
characteristics. 

Pa  ge  613. 

Let  us  examine  lifting  surface  by  that  consisting  of  the  large 
number  of  separate  trace  elements.  Then  any  unsteady  motion  of  wing 
can  be  presented  as  totality  of  the  motions  of  these  cell/elements. 

In  the  general  case  of  disturbance/perturbation  at  the  particular 
point  of  wing  they  will  be  caused  not  only  by  the  motion  of  the 
cell/element,  to  which  belongs  the  point  in  question,  but  also  by  all 
remaining  cell/elements  of  wing.  However,  in  certain  cases  of 
disturbance/perturbation  at  the  particular  point  from  other 
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cell/eleme nts  thay  will  be  considerably  less  than  those,  that  are 
caused  by  the  notion  of  the  cell/elenent  itself.  Let  us  assune  that 
the  disturbed  pressure  at  the  particular  point  is  created  only 
because  of  the  disturbance/perturbations,  introduced  into  current  of 
traffic  of  the  call/elenent  itself.  In  this  case  it  is  possible  to 
count  that  the  disturbance/perturbations  fron  the  notion  of  the 
exanined  element  to  sides  are  not  spread,  i.e. , cell/elenent  works  as 
piston  in  duct.  Therefore  the  theory,  based  on  the  assumption 
indicated,  is  called  ”piston". 


Let  us  determine  when  making  these  assumptions  the  disturbed 
pressure,  created  by  the  notion  of  the  cell/elenent  of  wing  surface. 
For  this  let  us  axanine  the  task  of  the  unsteady  isentropically  flow 
of  gas,  included  into  cylindrical  pipe  and  which  is  located  on  top 
above  ♦•he  piston  (r'ig.  26.11),  Piston  is  noved  upward  with  speed 
snail  as  compared  with  the  speed  of  sound  in  the  undisturbed  medium 
of  gas.  The  velocity  of  propagation  of  slight  disturbances  (speed  of 
sound)  let  us  designate  a*,  pressure  p,  density  p.  All  these  values 
change  with  renova  1/distance  from  piston.  At  sufficiently  large 
distance  fron  piston,  gas  is  found  in  rest  and  w = 0.  The  speed  of 
sound,  the  pressure  and  density  in  the  undisturbed  gas  let  us 
designate  a,  p^,  p*.  Let  us  select  at  certain  distance  from  the 
piston  two  infinitely  close  sections  m and  m*  at  a distance  dy  = a • 
dt.  Let  in  section  n the  pressure  is  equal  to  p,  and  in  section  m* 


flVzK'^-  t*  w -Cl 


.-.r*  -t- 
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equally  to  p are  dp.  Let  us  coupose  aouentum  equation  for  the 
eleaentary  mass  of  gas  p dy,  included  between  sections  with  single 
area.  We  consider  that  under  the  effect  of  disturbance/perturbation 
froB  piston  this  aass  for  tiae  dt  acquires  the  suppleaenta ry  speed 

dw, 

pdydw-^  pdt  — {p  — dp)  dt, 

hence 

dw  ^ dp.  (26.38) 


Fig.  26.11,  To  the  derivation  of  the  equation  of  notion  of  gas  in 
noving  piston. 


Page  614. 

For  an  isentropic  process,  as  is  known,  occurs  the  dependence 

const,  (26.39) 

P Pm 

while  the  speed  of  sound 


t. 


{ 

) 


i 


I 


1 


i 
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a'-|/  x-J. 


1 1'2>  If 


(26.40) 


Her#  x^cp/c„  is  ralation  of  the  heat  capacities  of  gas.  Equalities 
(26.36)  and  (26.40)  give 


(26.4!) 


Otilizing  (26.40) » is  expressed  the  speed  of  sound  a*  in  the 
section  through  the  speed  of  sound  a at  infinity: 


4 = 

® ^ PPm  I / 


(26.42) 


Helationship/ratio  (26.41)  takes  the  fora 


x\Pml  P 


(26.43) 


By  integrating,  we  will  obtain 


whence 


Further  we  have 


F-  2 t) 


(26.44) 


(26.45) 


If  we  pores  p iaply  the  gas  pressure  on  piston,  then  in  foraula 


I 

1 


i i 


. I 

1 

■ I 


. I 
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(26.45)  w it  is  necessary  to  take  with  plus  sign  during  piston  stroke 

upward  (see  Fig.  26.11)  and  with  einus  sign  during  piston  stroke 
down.  Counting  w < a,  is  decomposed  expression  (26.45)  in  binomial 
series.  Being  limited  to  linear  terns  and  taking  into  account  that 
^*^efj[nd  for  the  slight  disturbances 


(26.46) 


Page  615. 


The  pressure  coefficient 


j-  P-P»  _ 2 » 

M Ut ' 


(26.47) 


•Pa*  2 


where  M =•  Uo/a  “ Bach  number. 


let  us  examine  now  the  wing,  which,  besides  forward  notion  along 
axis  Ox  at  speed  Oo,  completes  arbitrary  motion.  Then  from  boundary 
conditions  (3.56*)  we  have  for  a speed  notions  of  cell/ela  ments  of 
wing  on  the  lower  surface 

- aV  (t)  + (t)  - a-Jf  (t)  + b*f{x)  - fjb'f  (t).  (26.48) 


T.et  f (t)  change  according  to  the  stepped  law: 


(26.49) 


Fey;  (1).  with. 


1 

i\ 
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Then  from  (26.28)  and  (26.47)  taking  into  account  the  fact  that  signs 
w for  lower  and  suction  sides  of  wing  are  different,  we  obtain 


m-F.  ff]-^ 

fA/Sl  4 , 

L «•  J M di  * I J " ~ M 


(26.50) 


By  substituting  (26.50)  into  foraulas  of  type  (26.23)  by  perforaing 
the  integration  within  the  liaits,  deterained  by  foraulas  (26.23), 
for  wings  with  direct/straight  edges  we  will  obtain  during  change  a 

W“-ML35n^mr+-3;^ — r-J-  (26.51) 

During  a change  in  the  angular  velocity  Q* 


[jy]-  **  + ‘ I ^ + 2 Atgxo' 

[a’J  M L 3ti(i,+  I)  3t)  4 J’ 

r£!il= 2 ry+l  I Ti*  + 2n  + 3 Atgxo  , 

[“*J,  3M  L n’  T)'  4 


(26.52) 


during  rotation  around  axis  Ox  at  angular  velocity 


’’•jfi  1 I t|  + 3 

»ii  J 3M  n + r 


(26.53) 
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and  finally  during  the  strains  of  the  wing 


(26.54) 

I 


Page  616. 

In  the  particular  case  of  rectangular  wings  (tj- 1,  ifgxo*0)  let  us 
hawe  with  the  beginning  of  the  axes  in  the  nose  of  the  root  chord 


(26.55) 


for  delta  wings  (n-oo,  A,tgXo-4) 
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Analogously,  by  utili2ing  (26.23),  (26.29),  it  is  possible  to 
obtain  the  coefficients  aerodynanic  derivative  loads  and  total 
characteristics.  They  will  be  deterained  by  relationship/ratios 
(26.50)  - (26.54),  in  which  values  [c/<7/]  one  should  replace  by 

c*'(c-p,  m,.  m„;  6,  6). 

All  coefficiants  of  aerodynanic  derivatives  with  the  points  of 
the  total  and  distributed  characteristics  of  rigid  wing  in  terms  of 
piston  theory  will  be  equal  to  rero.  As  concerns  the  wing  being 
deformed  that  here  they  appear  the  coefficients,  which  stand  with 
factor  •»  6.  This  is  connected  with  the  fact  that  the  corresponding 
factor  is  contained  under  boundary  condition.  Its  appearance  is 
caused  by  those  supplementary  angles  of  attack,  which  are  caused  by 
the  velocities  of  the  strain  of  the  cell/elenent  of  wing  in  question. 


Page  617. 
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One  RhoulJ  expect,  that  piston  theory  «ill  to  give  the  the 
hetter/best  results,  the  greater  the  specific  useful  load,  caused  by 
the  local  disturbances,  in  coiparison  with  the  loads,  caused  by  the 
effect  of  other  cell/elesents  of  wing. 

Earlier,  in  chapter  IV,  were  obtained  precise 
relationship/ratios  for  transient  functions  with  M ¥=  0 into  the 
initial  moment  (t-*0)  during  a stepped  variation  in  the  boundary 
conditions.  It  is  easy  to  ascertain  that  they  coincide  with  those, 
that  escape/ensue  from  piston  theory.  The  reason  for  this  coincidence 
is  clear.  Actually,  during  a stepped  variation  in  the  boundary 
conditions  at  the  initial  moment  (t— *0)  is  observed  an  abrupt  change 

in  then.  Disturbance/perturbations  from  the  different  cell/ele sent s 
of  wing  at  zero  time  still  not  manage  to  be  propagated  on  wing,  if 
the  speed  of  sound  is  final  and  each  cell/elenent  creates 

disturbance/perturbations  independent  of  other.  Thus,  in  this  case 
all  assumptions  of  piston  theory  are  satisfied  accurately. 

In  chapter  71  the  application/use  of  a Duhamel  integral  for  the 
calculation  of  the  coefficients  of  aerodynamic  derivatives  led  to  the 

j 

precise  relationship/ratio 

Hence  it  follows  that  all  coefficients  aerodynamic  derivative  total 
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and  distributed  »ing  characteristics  with  aodr — v'~'nre  deternined 

accurately  fro*  piston  theory.  This  is  connected  with  the  fact  that 
during  the  oscillations  of  wing  with  high  frequency  the  local 
disturbances  prevail  above  those,  that  are  created  at  the  particular 
point  by  the  fluctuations  of  other  points  of  wing. 

Thus,  piston  theory  gives  the  accurate  results,  in  two  cases 
indicated  with  0:  for  transient  functions  at  the  initial  wonent 

^ and  for  the  coefficients  of  aerodynamic  derivatives  with  very 
large  strouhal  numbers  ip*-*oo). 


Figure  26.12  in  the  form  of  an  example  gives  the  comparison  of 
the  transient  functions  of  lift  [Cy/a*]  the  rectangular  wings  of 
different  elongation  at  supersonic  speeds,  obtained  by  the 
calculations  according  to  linear  and  piston  theories.  Tt  is  evident, 
that  the  greater  the  number  A\  lesser  the  elongation  \,  the 

nearer  the  results,  obtained  from  piston  theory,  to  precise.  It  is 
possible  to  say  that  with  all  M 0 the  piston  theory  gives  the 
correct  results  for  the  wings  of  any  plan  form  with  t-*o. 
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Eig.  26. 12.  Transient  functions  of  the  lift  of  rectangular  wings. 
Coaparison  of  linaar  (unbroken  curves)  and  piston  (dotted  line) 
theories. 


Pa  ge  6 1 fl  . 

At  supersonic  speeds  it  the  aore  precise  in  all  range  of  change  r, 
the  greater  the  nuaber  /^. 

in  ’’ig.  26.13  and  26.14  given  analogous  coaparisons  for  the 
coefficients  of  aarodynaaic  derivatives  cj  and  c*  wing  X = - with 
different  Strouhal  nuabers.  Tt  is  evident,  that  the  greater  the 
nuaber  the  nearer  the  results  of  piston  theory  to  datua,  obtained 
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fro»  strict  linear  theory.  It  is  possible  to  draw  the  conclusion, 
that  the  greater  the  number  AA  the  more  precise  the  results, 
determined  according  to  piston  theory,  With  p*-*oo  it  gives  accurate 
results  for  any  wings  with  all  M 0. 


^ V ^ 3.(47. 1 


r 1^, 


Fig.  26.13.  The  comparison  of  linear  (unbroken  curves)  and  piston 
(dotted  line)  theories  for  a derivative  «•“  covered  X = -. 


Pig.  26.14.  Comparison  of  linear  (unbroken  curves)  and  piston  (dotted 
line)  theories  for  a derived  wimg  X » 


DOC  » 771S4323 


PAGE  ^ 


[paqc*  619j  Chapter  XXVII. 


COEFFICIENTS  OF  THE  AERODYNAMIC  DERIVATIVE  AND  OF  APPARENT  ADDITIONAL 
MASSES. 


^1.  Coefficients  of  apparent  additional  masses. 


The  circuit  of  noncirculating  flow  makes  it  possible  to  simulate 
the  phenomena,  which  occur  at  the  average  speed  of  motion  Ho,  of 
close  to  zero;  therefore  the  given  below  material  on  the  coefficients 
of  apparent  additional  masses  makes  it  possible  to  determine  the 
total  effect  of  the  incompressible  medium  on  wings  during  their 
evolutions  on  the  spot,  with  the  wind  gusts,  etc.  Apparent  additional 
masses  are  mainly  necessary  for  the  calculation  in  the  incompressible 
medium  of  the  dependences  of  the  coefficients  of  aerodynamic 
derivatives  of  Strouhal  number  and  during  transition  from  some  laws 
of  motion  to  others  on  the  basis  of  Duhamel  integral. 

The  coefficiants  of  apparent  additional  masses  (*»),.  (A2e)«.  (*«)«. 
(A,,),  are  connected  with  corresponding  associated  masses  kn,  Am*  ^<4 
as  follows: 


DOC  * 77154323 


PAGE  ^ n 


(^22),  = 


(^66)i  = 


^»l 

pS6.  • 

^«« 

pS6j  ’ 


(*2*). 


pSi*  ’ 


(^♦4)*  — 


pS6,/2  * 


(27.1) 


HetP  6a,/.  S ace  the  mean  aerodynamic  chord,  the  spread/scope  and 
wing  area,  p is  density  of  the  medium. 

The  forces  and  the  torque/moments,  which  act  on  wing  during 
noncirculating  flow,  are  expressed  as  apparent  additional  masses  by 
formulas  (2.54)  and  (12.23).  The  coefficients  of  apparent  additional 
masses  were  determined  according  to  the  procedure,  presented  in 
chapter  XII,  for  the  origin  of  coordinates,  arrange/located  in  the 
leading  edge/nose  of  the  mean  aerodynamic  chord. 


i ^ b\e  I . Citn' -I  . 


It 

X 

iku). 

(*«), 

0,25 

0,1514 

-0,0726 

0,0421 

-0,0048 

0.5 

0,2446 

-0,1124 

0,0610 

-0,0088 

1.0 

0,3165 

-0,1347 

0,0724 

-0,0144 

60“ 

1 

1.5 

0,3367 

-0,1341 

0,0829 

-0,0177 

2,5 

0,3487 

-0,1239 

0,1324 

-0.0211 

5.0 

0,3545 

-0,0940 

0,4267 

-0,0239 

10 

0..3545 

-0.0300 

1,6931 

-0,0255 

0,25 

0,1526 

-0,0521 

0,0294 

-0.0042 

0.5 

0,2750 

-0,1111 

0,0577 

-0,0080 

1.0 

0,3959 

-0,1702 

0,0884 

-0,0134 

60° 

2 

1.5 

0,4220 

-0,1836 

0,1020 

-0.0163 

2.5 

0,4189 

-0,1860 

0,1459 

-0,0185 

5,0 

0,3919 

-0,2009 

0,2877 

-0,0197 

10 

0,3722 

-0,2724 

1,9541 

-0,0207 

0.25 

0,1248 

-0,0302 

0,0158 

-0,0033 

0,5 

0,2338 

-0,0694 

0.0334 

-0,0031 

1,0 

0,3902 

-0,1463 

0,0714 

-0,0106 

60° 

5 

1.5 

0,4575 

-0,1896 

0,0972 

-0,0136 

2.5 

0,4689 

-0,1922 

0,1286 

-0,0149 

5,0 

0,4382 

-0,2108 

0,2898 

-0,0154 

10 

0,4120 

-0,2434 

1.0488 

-0,0161 

0.25 

0,0961 

-0,0175 

0,0100 

-0,0026 

0.5 

0,1830 

-0,0126 

0,0214 

-0,0042 

10 

0,3241 

-0,1015 

0,0472 

-0,0072 

60° 

00 

1,5 

0,4185 

-0,1548 

0,0748 

-0,0095 

2,5 

0,4816 

-0,1800 

0,1026 

-0,0112 

5,0 

0,4625 

-0,2125 

0,1875 

-0,0117 

10 

0,4291 

-0,2302 

0,5847 

-0,0123 

86°  25' 

oo 

0,25 

0,0892 

-0,0447 

0,0331 

-0,0024 

82° 52' 

oo 

0,5 

0.1656 

-0,0799 

0,0465 

-0,0041 

75°  57' 

oo 

1.0 

0,2861 

-0,1306 

0,0724 

-0,0071 

69° 28' 

oo 

1.5 

0,3757 

-0,1644 

0,0886 

-0,0089 

58°  00' 

oo 

2.5 

0,4966 

-0,2052 

0,1071 

-0,0122 

38°  40' 

oo 

5.0 

0,6378 

-0,2463 

0,1239 

-0,0162 

21°48' 

00 

10 

0.7201 

-0,2664 

0,1312 

-0,0195 

I 


I li; 

1 

i 

1 

i 


♦ 
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Page  622. 


With  the  displaceaent  of  the  origin  of  axial  coordinates  Ox  up  to 
distance  £.  fron  this  centering  and  recalculation  for  another 
characteristic  linear  diaension  (for  example,  root  wing  chord  b)  they 
use  the  following  by  the  foraulas: 


■*  b [-X  (*26).  - £.  (*»),]  . 

- T-  [(■^)’  (*.).  (y,  + ij  , 


DOC  * 771*5*323 


PAGE 


116) 


Page  623. 


For  the  wings  of  iifferent  planfora  with  the  direct/straight  edges  of 
value  la  and  bjb  they  are  determined  froa  relationship/ratios  (see 


Fig.  2.3) 


t _ ^ X«  *1  + 2 bt  2 1)«  + I)  + 1 

b 12  ti  • 6 “ 3 t)(t,+  1)  • 


(27.3) 


The  coefficients  of  the  apparent  additional  masses  of  rigid  wing 
were  designed  for  the  following  range  of  a change  in  the  geometric 
parameters:  elongation  X = 0.25-10,  sweep  angle  on  leading  edge  xo  = 
0-60®,  contraction  T)  = 1-«.  Table  27.1  gives  the  numerical  values  of 
the  coefficients  of  apparent  additional  masses  depending  on  the 
geometric  parameters  of  wing,  which  characterize  wing  planform,  at 
centering  In  this  case  are  isolated  the  data,  that  relate  to 

delta  wings  (X  = 0.25-10).  The  calculations  of  the  coefficients  of 
associated  masses  are  carried  out  E.  P.  Kapustinoy.  Let  us  note  that 
the  systematic  materials  for  rectangular  and  delta  wings  were  given 
above  in  the  form  of  curve/graphs  (Pig.  14.25-14.55),  but  for 
centering  xt  * 0.  5. 


DOC  * 77154323 


PAGE  I I ^ QL_ 


I 


§2.  CoBBon/general/total  relationship/ratios  for  the  coefficients  of 
aero^ynanic  derivatives. 


Ire  given  below  systematic  data  on  the  coefficients  of 
aerodynamic  derivatives  at  subsonic  (0  < ^ ^1)  and  supersonic  (M>  1) 

speeds.  All  these  materials  are  obtained  on  the  basis  of  the 
numerical  methods  of  the  calculation  (see  chapters  t,  XI,  XV,  XX)  and 
of  exact  solutions  (in  that  field,  where  they  are,  see  chapters  XIII, 
XVIII,  XXI)  it  corresponds  to  very  small  Strouhal  numbers  (p*-,0). 


The  aerodynaiic  lift  coefficients,  of  the  pitching  moment  and 
moment  of  roll  are  introduced  as  follows: 


2Af, 

psuy>,  ’ 


Coefficients  Cy,  m„  ntxi  rigid  wing  can  be  (see  Chapter  II)  presented 
in  the  form 


c,  - 

'”*0  + 
'^x\  " '"jrf  + 


Here  Cyo,  m,o,  *re  coefficients  at  mean  incidence  Oq.  With  the 


accuracy,  acceptad  in  linear  theory  for  a fine/thin  wing,  the 
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coefficients  of  as rodynanic  derivatives  do  not  depend  on  at. 


Page  624. 


from  the  calculations  by  KTsTW  conputer]  are 

obtained  the  following  aerodynaaic  characteristics: 

kcl,  km:„  *m:«. 

**<*,*.  **<?.  ^'{Kf')r 

In  this  case  at  subsonic  speeds  4 - y i ..  at  supersonic  speeds 


k’^yw- 1. 


The  coefficisnts  of  aerodynaaic  derivatives  are  deternined  by 
the  relationship/ratios 


m. 


c^a  : 
1/a 


C Zi  ss 


ya 


in.  fa 


■tK).  C-t(‘C-).' 

TT  [(*■<;?) + M’(*)|. 


-7(K.). 


(27.6) 


I 
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For  significant  dinension  for  the  kinematic  parameters  d„o),,, 
and  the  moment  coefficient  is  undertaked  the  mean  aerodynamic 

chord  of  wing  6*,  that  it  makes  the  dependence  of  the  coefficients  of 
aerodynamic  derivatives  on  t.hp  geometric  parameters  of  wing  more 
stable  it  draws  together  it  with  the  appropriate  dependences  for 
rectangular  wings.  During  the  calculation  of  the  rolling-moment 
coefficient  m,,  for  characteristic  linear  dimension  is  undertaked  the 
spread/scope  of  wing  a for  the  kinematic  parameters  and  - 
senirange  ij'X. 


!L 
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DiaAnsionless  kineaatic  paraaeters: 


*•  u,  • 

/* 


IJL  A ' ‘/a,  b\ 

<//  <t/r  “‘•“■STTJ' 


The  origin  of  coordinates  was  arranged  on  the  axis  of  synnetry, 

*h«reapon  so  that  axis  Ox  it  passed  through  the  leading  edge/nose  HAC 
/r-w  this  shown  in  Pig.  to  27.1, 

Page  625. 

Recalculation  for  another  significant  dinension^  for  exaiple  root 
wing  chord  b,  and  another  centering  £■  was  realized  by  the  foraulas 


i 

C £ 


C - x (C- + S.C).  c‘-  - (i)’  (.•» + , 
< " x « - E.<.).  "■;-(>)’  «•  - !.<:) . 

<■  - (x)‘  (“> + 1.  W - - tic;:]. 
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For  the  wings  of  constant  sweepbacJc  on  leading  and  trailing  edges 
were  applied  formulas  (27.3).  Coefficient  with  index  ”a"  is  related 
to  the  mean  aerodynamic  chord  of  wing  b^,  without  index  - to  the  root 
chord  b.  The  coefficients  of  the  aerodynamic  derivatives  of  rigid 

wing  at  subsonic  speeds  were  determined  according  to  the  procedure, 
presented  in  chapters  X and  XV. 


At  supersonic  speeds  were  examined  three  ranges  of  the  Hach 
numbers,  in  which  for  a wing  are  satisfied  the  following  conditions. 


Wing  with  supersonic  leading  and  trailing  edges: 


*i>Xtg:xo^  (27.9) 
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Sing  with  tha  subsonic  leading  and  supersonic  trailing  edges: 
[^tgXo-^^7j\^]<feX<XtgXo.  (27.10) 


Sing  with  th»  subsonic  leading  and  trailing  edges: 

*i<[AtgXo-^4?Tir]-  (27.11) 

In  the  first  case  are  obtained  the  exact  solutions  for  the 
coefficients  of  the  aerodynawic  derivatives  (see  chapter  of  XXI) , 
the  second  and  third  it  was  conducted  the  nuaerical  calculation  of 
these  coefficients  (see  Chapter  of  XX) . 


in 
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Fig.  27. 1.  Standard  systen  of  axes. 

Page  626. 

The  results  of  the  calculations^  just  as  at  subsonic  speed s,  are 
given  depending  on  the  parameters  of  similarity  Xtgxo.  tj  at 

very  small  Strouhal  number  (p*-»0). 

53.  Coefficients  of  aerodynamic  derivatives  at  subsonic  speeds. 
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7.  Ya.  Oordinsk,  E.  B.  Kozlovskaya  and  L.  A.  Strel’tsova 
designed  the  total  coefficients  of  aerodynaaic  derivatives  at 
subsonic  speeds(0^M  < l).FroB  nunerical  calculations  were  obtained  the 
coefficients 


key.  kmy  kmy,  kmy.  kV^i,.  kVj, 


ya 

t.3 


ytV 


Jable  27.2  gives  the  systenatic  results  of  the  calculations  with 


i4.  = a 

/'^These  charactarist ics  are  constructed  in  the  function  of  the 

parameters  of  similarity  kk,  A.tgxo.Ti,  (*=•/!-  M^).  Is  examined  the 

following  range  of  a change  in  these  parameters:  •=  0 - in  i 

lu,  Atgxo  = 0 - 8.0, 

’1=  1-»  - with  very  small  Strouhal  number  (p*-*0). 


Figure  27.2-27.61  gives  the  diagrams  indicated,  constructed  forfeV, 
as  parameters  here  serve  value  ^tgxo  andl|.  With  the  aid  of  these 
graphs  it  is  possible  to  determine  the  coefficients  aerodynamic 
derivative  wings  for  entire  range  of  subsonic  numbers  Aj  by 
including  the  case  of  the  incompressible  medium  A?  — . 
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Pig.  27.2.  Depenlance  of  derivatlTe 
similarity  C 


.a 


of  the  parameters  of 
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Table  27.2. 


n- 1,  xte*i)“0 


u 

0,25 

o.s 

1.0 

1,5 

2.5 

5.0 

to.o 

kcl 

0,4078 

0,8046 

1,5149 

2,0928 

2,9325 

4,0618 

4,9619 

0,3751 

0,7073 

1,2532 

1,6778 

2,2849 

3,0981 

3,7410 

-0,0326 

-0,0973 

-0,2617 

-0,4150 

-0,6476 

-0,9637 

-1,2109 

ftm“f 

-0,1714 

-0,3090 

-0,5119 

-0,6566 

-0,8520 

-1,0999 

-1,2877 

-0,0265 

-0,0531 

-0,1058 

-0,1567 

-0,2489 

-0,4207 

-0,6129 

Sal 

0,3-104 

0,5909 

0,8438 

0,8596 

0,5139 

-0,9081 

-3,2842 

^ Sal 

0,1723 

0,2982 

0,4095 

0,3762 

0,0705 

-1,0309 

-2,8216 

3 & 

* 

-0,1681 

-0,2927 

-0,4343 

-0,4834 

-0,4434 

-0,1228 

0,4626 

-0,1044 

-0,1770 

-0,2532 

-0,2719 

-0,2230 

0,0327 

0,4775 

("'ri'")i 

-0,1896 

-0,1838 

-0,1677 

-0,1503 

-0,1179 

-0,0585 

-0,0017 

**  ''ya2 

-0,3425 

-0,6099 

-0,9915 

-1,2628 

-1,6373 

-2,1345 

-2,5301 

3 u 
b r 

« Sa2 

-0,1774 

-0,3309 

-0,5849 

-0,7872 

-1,0844 

- 1,4954 

- 1,8290 

k rnjj 

0,1651 

0,2791 

0,4067 

0,4756 

0,5529 

0,6391 

0,7006 

0,1031 

0.1730 

0,2566 

0,3075 

0,3709 

0,4478 

0,5056 

*n'''“i"')2 

0,1896 

0,1839 

0,1635 

0,1537 

0,1307 

0,0970 

0,0654 

tl=  I.  XigXo  = 2 


k\ 

0,25 

0,6 

1.0 

1.5 

2.5 

5,0 

IC.O 

fccj 

0,3780 

0,7330 

1,3623 

1,8913 

2,7091 

3,9031 

4,8833 

"‘■ya 

0,2598 

0,5040 

0,9363 

1,2999 

1,8652 

2,7146 

3,4641 

*m“. 

-0,0641 

-0,1240 

-0,2327 

-0,3300 

-0,4958 

-0,7762 

-1,0454 

-0,1109 

-0,2131 

-0,3875 

-0,5281 

-0,7398 

— 1,0616 

-1,3773 

kmy 

-0,0264 

-0,0627 

-0,1041 

-0,1531 

-0,2420 

-0,4114 

-0,6064 
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3JJe.  A'). A 


kX 

0,2S 

0.5 

• 1.0 

1.5 

S.5 

5,U 

10,0 

3 a 
* % * 

* ‘^ya! 

0,1857 

0,3412 

0,5332 

0,5763 

0,3499 

-0,8935 

-3,2327 

3 (i> 
fee-** 
^yal 

0.0890 

0,1615 

0,2422 

0,2417 

0,0661 

-0,7686 

-2,3722 

1.^  “a 

* "'Ai 

-0,0731 

-0,1381 

-0,2356 

-0,2918 

-0,3139 

-0,1443 

0,2831 

-0,0495 

-0,0936 

-0,1608 

-6,2017 

-0,2249 

-0,1227 

0,1995 

*“*  (m“j^')l 

-0,1485 

—0,1462 

-0,1382 

-0.1276 

-0,1043 

-0,0543 

-0,0012 

1.^  *a 
* ^l/a2 

-0,1958 

-0,3800 

-0,7035 

-0,9699 

-1,3694 

-1.9384 

-2,4187 

3 <b 
« Cya2 

-0,0982 

-0,1965 

-0,3884 

-0,5654 

-0.8618 

-1,6318 

-1,7443 

3 (k 

* "«af2 

0,0714 

0,1337 

0,2279 

0,2904 

0,3616 

0,4369 

0,5167 

3 (I) 

R m^a2 

0,0496 

0,0946 

0,1690 

0,2255 

0,3039 

0,4132 

0,5265 

*““  ('"“rOi 

0,1484 

0,1463 

0,1400 

0,1325 

0, 1 180 

0,0916 

0,0634 

»1 

= 1,  J.tg7o  = 4 

* 

kX 

0,25 

0,5 

1.0 

1.5 

2,5 

5,0 

10,0 

kcl 

0,2603 

0,5162 

1,0043 

1,4522 

2,2180 

3,5032 

4,6842 

^^ya 

0,1376 

0,2746 

0,5441 

0,8022 

1,2682 

2,1266 

3,0444 

Am“a 

-0,0517 

-0,1016 

-0,1937 

-0,2762 

—0,4161 

-0,6686 

-0,9360 

*m“f 

-0,0993 

-0,1966 

-0,3812 

-0,5508 

-0,8454 

-1,3839 

-2,0100 

*m“f' 

-0,0239 

-0,0477 

—0,0943 

-0,1389 

-0,2214 

-0,3865 

-0.5882 

0,0788 

0,1487 

0,2452 

0,2736 

0.1435 

-0,8288 

-3,0650 

1,®  *ra 

* fval 

0,0410 

0,0790 

0,1387 

0,1690 

0,1367 

-0,3292 

-1,6565 

* '”aal 

-0,0229 

-0,0436 

-0,0751 

-0,0932 

-0,0941 

0,0186 

0,3197 

-0,0454 

-0,0888 

-0.1656 

-0,2275 

-0,3082 

-0,3300 

-0,0544 

*’  (m*i^'), 

-0,1012 

-0,1001 

-0,0965 

-0,0913 

-0,0784 

-0.0442 

0,0003 

I 
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-0.0859  - 0,1730 
-0,0447  - 0,0927 
0,0208  0,0397 

0,0454  0,0897 

0,1013  0,1009  j 


11=  I,  X fgX 


0.1013  0.1063 


0,0920  0,0780  0,0581 


k>. 

0,25 

0.5 

.1.0 

' 1.5 

■1 

5.0 

10,0 

kcl 

0,1917 

0,3821 

0,7556 

1,1147 

1,7748 

3,0454 

4,4006 

0,0799 

0,1602 

0,3230 

0,4882 

0,8179 

1,5608 

2,5608 

-0,0434 

-0,0861 

-0,1681 

-0,2442 

-0,3775 

-0.6188 

-0,8783 

(a 

km,l^ 

-0,1220 

-0,2431 

-0,4805 

-0,7089 

-1,1325 

-1,9962 

-3,1212 

i 

-0,0205 

-0,0409 

-0,0812 

-0,1206 

-0,1954 

-0,3537 

-0,5615 

0,0300 

0,0565 

0,0912 

0,0937 

-0,0086 

-0,7642 

-2,8382 

0,0348 

0,0688 

0,1321 

0,1854 

0,2480 

0,1 188 

-0,8227 

* 

0,0062 

0,0131 

0,0297 

0,0510 

0,1060 

0,2706 

0,5286 

-0,0618 

-0,1220 

-0,2344 

-0,3328 

-0,4827 

-0,6180 

-0,3169 

-0,0666 

-0,0663 

-0,0645 

-0,0619 

-0,0547 

-0,0327 

0,0023 

-0,0365 

-0,0741 

-0,1550 

-0,2440 

-0,4404 

-0,9420 

- 1;6825 

« Cya2 

-0.0372 

-0,0756 

-0,1585 

-r  0,2505 

-0,4564 

-0,9720 

- 1,6442 

-0,0105 

-0,0213 

-0,0446 

-0,0705 

-0,1272 

-0,2464 

-0,2738 

0,0630 

0,1252 

0,2459 

0,3587 

0,5564 

0,9053 

1,2983 

0,0677 

0,0677 

0,0674 

0.0672 

0,0661 

0,0614 

0,0505 
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t|-  1.  x,-s 


0,21 

0,1 

0,1521 

0,3037 

0,0510 

0,1024 

-0,0387 

-0,0770 

-0,1585 

-0,3164 

-0,0177 

1 -0,0354 

0,0044 

0,0072 

0,0413 

0,0823 

0,0261 

0,0525 

-0,0830 

-0,1646 

-0,0431 

-0,0429 

-0,0123 

-0,0254 

-0,0437 

-0,0877 

-0,0324 

-0,0648 

0,0878 

0,1752 

0,0458 

0,0458 

4.0 

0,6038 

0,8977 

0,2072 

0,3150 

-0,1517 

-0,2230 

-0,6292 

-0,9360 

-0,0704 

-0,1050 

0,0037 

-0,0169 

0,1623 

0,2378 

0,1059 

0,1604 

-0,3206 

-0,4631 

-0,0420 

-0,0406 
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! 

1.0 

1.0 

3.5 

0,8087 

^ 0,8531 

0,5646 

0,4014 

0,3951 

0,1342 

■0,4123 

-0,4804 

-0,4737 

0,2483 

-0,2845 

-0,2627 

■0,1356 

-0,1204 

-0,0910 

-0,3075  -0,5592  -0,9495 
- 0, 1 542  - 0,2993  - 0,5598  | - 0,7766 
0,1389  0,2440 


1,64381-2,1714  1-2,5871 
- 1,9464 


0,2480 

0,3120 

0,3955 

0,4892 

0,1370 

0,1250 

0,1057 

0,0774 

1 = 2.  XfgX 


5,0467 

3,7813 

-1,2416 


0,2486  0,4504 

0,1342  0,2373 

-0,1224  - 0,2193 
-0,0793  - 0,1400 


DOC  * 771S4323 


PAGE 


III''! 


Page  633. 


Table  27.2  (continuation). 


n-t,  xtf  Xs-a 


1.0  I.S 


0,2179 

0,4335 

0,1323 

0,2643 

-0,0779 

-0,1544 

-0,1349 

-0,2682 

-0,0204 

1 

-0.0408 

0,0478 

0,0905 

0,0211 

0,0405 

0,0033 

0,0183 

-0,0365 

-0,0711 

-0,0545 

-0,0540 

1 

-0,0544 

-0,1099 

-0,0249 

-0,0529 

-0,0104 

-0,0212 

0,0373 

0,0745  j 

0,0555 

0,0556 

1,9707 

3,2867 

4,6111 

1,2552 

2,1748 

3,1920 

-1,0139 

-2,0150 

-2,9290 

0,1929 

-0,3417 

1 

-1.8912 


-0,2059 

-0,4052 

-0,0714 

-0,1289 

0,2166 

0,3368 

0,0555 

1 0,0546 

11  = 2,  ).teZg-8 


I1>. 

1 

0.25 

H 

1.0  ' 

1 

1.5 

kcl 

0,1692 

1 

0,3377 

0,6699 

0,9929 

ftCyg 

0,0888 

0,1777 

0,3564 

0.5355 

kml 

-0.0664 

-0,1322 

-0,2604 

-0,3820 

kmy 

-0,1572 

-0,3136 

-0,6232 

-0.9246 

kmy 

-0,0173 

-0,0345 

-0,0687 

-0,1023 
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0,0960 

-0,1535 

-0,2891  -0,6958 

- 1,4372 

0,0933 

-0,1523 

-0,2960  - 0.7226 

-1,3908 

0.1649 

-0,2444 

-0,3929  - 0,6726 

-0,8521 

0,2064 

0,3052 

0,4877  0,8406 

1,2589 

0,0347 

0,0349 

0,0353  0,0354 

0,0324 

11-6,  XtgXo- 


1,0  l.s 


0,4037  0,7852 
0,2676  0,5242 
-0,0320  -0,0840 
-0,1027  - 0,1981 


2,0055  2,8634  4.0632 
1,3822  2,0099  2,8930 


-0,3514 

-0.5278 


-0,9172 

-1,0764 


-0.0266  - 0,0528  | -0,1032  [-0,1507 1-0,2293  | - 0,3642  |- 0,5022 


0,2331  0,4199  0,6496  0,6974  0,5135  - 0,6364  - 2,7252 

0,1082  0,2033  0.3248  0,3443  0,2079  - 0,6302  - 2,2238 

-0,0987  -0,1842  -0,3168  -0,3930  -0,4338  -0,2343  0,3405 

3 - 0,1134  - 0,1986  - 0,2476  -0,2773  - 0,1277  0,3109 

2 -0,1092  -0,0961  -0,0870  -0,0621  -0,0208  0,0124 
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* 

ftX 

0.2S 

m 

^ Sa2 

-0,2355 

-0,4402 

^ ^ya2 

-0,1114 

-0,2246 

.3  4, 

* 

0,0967 

0,1767 

0,0582 

0.1109 

0,1142 

0,1096 

AX 

0.25 

m 

kc^ 

0,4061 

0,7954 

0,3643 

0.6920 

-0,1049 

-0,2098 

-0,1837 

-0,3389 

-0,0265 

-0,0530 

K 

0.2540 

0,4570 

« ‘^pal 

0,1421 

0,2490 

‘a 

* "'aa  l 

-0,1352 

-0,2388 

-0,0891 

-0,1536 

-0,1203 

-0,1155 

{ 


1.0 

1.5 

2,5 

m 

10,0 

1,4896 

2,0656 

2,9296 

4,1226 

5,0496 

1,2383 

1,6689 

2,2952 

3,1476 

3,8122 

-0,4001 

-0,5572 

-0,7887 

- 1,0970 

- 1,3209 

-0,5737 

-0,7394 

-0,9566 

-1,2174 

- 1,3966 

-0,1042 

-0,1516 

-0,2324 

-0,3674 

-0,4954 

0,6985 

i 

0,7590 

0,5418 

0,3538 

0.3424 

0,1092 

-0,3623 

-0,4082 

-0,3753 

-0,2221 

-0,2381 

-0,1905 

-0,1031 

-0.0898 

-0,0647 
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0J(  I 

0,1 

-0,2594 

T- 0,4822 

-0,1481 

-0,2797 

0,1335 

0,2336 

■ 0,0892 

0,1555 

0,1203 

0,1157 

-1,1118  -1,5065  - 2,0607  - 2,4913 
-0,6980  - 0,9906  -1,4252  -1,7925 
0,4350  0,5125  0,5821  0,6171 

0^957  0,3573  0,4203  0,4559 

0,0959  0,0811  0,0590  0,0383 


n - 5,  X Xo  - 4 


0.25 

0.S 

0,3428 

0,6707 

1.0 

1.5 

1,2661 

1,7806 

2,6036 

1,0728' 

1,4826 

2,1101 

-0,4955 

-0,9238 

-0,6367 

1 

-0,8534 

-1,1547 

-0.0967  1 

-0,1400 

-0,2153 

0,4401 

0,4996 

0,3682 

0,2023 

0,1886 

-0,0019 

-0,1828 

-0,1964 

-0,1287 

-0,1265 

-0,1290 

-0,0651 

-0,0741 

-0,0664 

-0,0501 

-0,5772 

-0,8113 

-1,1864 

-0,3433 

-0,4992 

-0,7671 

0,2134 

0,2691 

0,3221 

0,1707 

0,2236 

0,2875 

0,0783 

0,0742 

0,0664 
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n-6, 


0.2» 

0,5 

1.0 

1,5 

3.5 

5.0 

10,0 

0,2408 

0,4785 

0,9369 

1,3649 

2,1153 

3,4331 

4,6901 

Jtc***'* 

0,1872 

0,3722 

0,7290 

1,0615 

1,6408 

2,644 1 

3,5893 

*"'“a 

—0,1098 

—0,2171 

—0,4190 

-0,5990 

—0,8901 

— 1,3115 

— 1,5767 

—0,1515 

—0,3001 

—0,5818 

—0,8369 

— 1,2619 

— 1,9410 

—2,5384 

—0,0200 

—0,0399 

—0,0788 

-0,1161 

—0,1844 

—0,3163 

—0,4625 

0,0692 

0,1318 

0,2242 

0,2639 

0,1884 

—0,5839 

-2,6017 

* ^4>al 

0,0263 

0,0484 

0,0720 

0,0624 

-0,0552 

—0,7084 

—2,2257 

“a 

* "Izal 

—0,0058 

—0,0085 

0,0003 

0,0306 

0,1450 

0,5506 

1,1471 

*^'"“a7 

—0,0182 

—0,0338 

—0,0524 

—0,0518 

—0,0004 

0,2693 

0,7873 

fe*(m“i*'), 

—0,0450 

—0,0444 

—0,0423 

—0,0392 

-0,0314 

-0,0110 

0,0134 

^ ^j(a2 

—0,0775 

—0,1551 

—0,3100 

—0,4625 

-0,7507 

-1,3326 

—2,01261 

« <?ya2 

—0,0334 

—0,0692 

—0,1503 

—0,2428 

—0,4452 

—0,9067 

— 1,4312 

0,0058 

0,0109 

0,0177 

0,0189 

0,0070 

-0,0446 

—0,0687 

0,0202 

0,0406 

0,0811 

0,1196 

0,1857 

0,2920 

0,4049 

**  ("'“i"')a 

0,0466 

0,0465 

0,0464 

0,0460 

0,0446 

0,0397 

0,0309 

n 

= 5,  fgXo  = 8 

kX 

0.25 

0,5 

1,0 

1.5 

2.5 

5.0 

10,0 

*e“ 

0,1843 

0,3674 

0,7266 

1.0728 

1,7142 

2,9798 

4,3832 

Q 

k‘y? 

• 0,1298 

0,2590 

0,5144 

0,7634 

1,2332 

2,1885 

3,2833 

km^„ 

—0,0914 

—0,1818 

—0.3566 

-0,5206 

0,8086 

— 1,2976 

— 1,6637 

kmy 

-0,1519 

—0,3027 

—0,5979 

—0,8808 

— 1,3992 

—2,3970 

—3,4871 

—0,0163 

—0,0325 

—0.0646 

—0,0960 

—0,1556 

-0,2803 

—0,4346 
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kk 

0,25 

0.5 

1.0 

1.5 

I.S 

5,0 

10,0 

*v* 

0,0310 

0,0589 

0,0991 

0,1124 

0,0480 

-0,5547 

-2,3973 

3 (i» 

* ‘^yal 

0,0058 

0,0104 

0,0129 

-0,0024 

-0,0682 

-0,5134 

-1,8192 

0,0280 

0,0572 

0,1219 

0,1962 

0,3712 

0,8658 

1,5681 

-0,0124 

-0,0236 

-0,0393 

-0,0436 

-0,0149 

0,2207 

0,8441 

-0,0234 

-0,0232 

-0,0223 

-0,0209 

-0,0169 

-0,0046 

0,0140 

-0,0383 

-0,0772 

-0,1578 

-0,2429 

-0,4246 

-0,8909 

-1,6196 

^ Sa2 

-0,0111 

-0,0242 

-0,0586 

-0,1055 

-0,2313 

-0,6199 

-1,2162 

fe  m^‘2 

-0,0289 

-0,0579 

-0,1156 

-0,1724 

-0,2786 

-0,4723 

-0,5845 

0,0150 

0,0304 

0,0620 

0,0946 

0,1602 

0,3055 

0,5134 

**('”xi"')l 

0,0259 

0,0259 

0,0262 

0,0264 

0,0270 

0,0273 

0,0249 

n 

= 00,  J.  tg  X,  ■=  0 

ki. 

0,25 

0.5 

1.0 

1.5 

2,5 

5,0 

10,0 

kcl 

0,3835 

0,7248 

1,3165 

1,8087 

2,5952 

3,7212 

4,9054 

0,1999 

0,3927 

0,7540 

1,0777 

1,6267 

2,4929 

3,3974 

km-. 

-0,0241 

-0,0604 

-0,1544 

-0,2574 

-0,4487 

-0,7749 

-1,1035 

krny 

-0,0717 

-0,1420 

-0,2750 

-0,3966 

-0,5997 

-0,9286 

-1,2437 

kmy 

-0,0254 

-0,0490 

-0,0912 

-0,1299 

-0,1892 

-0,2869 

-0,3656 

0,1728 

0,3127 

0.4996 

0,5792 

0,5265 

-0,1619 

-2,1016 

^yal 

0,0784 

0,1485 

0,2535 

0,3058 

0,2858 

-0,1731 

-1,5721 

-0,0692 

-0,1330 

-0,2394 

-0,3155 

-0,3932 

-0,3425 

0,0613 

-0,0425 

-0,0827 

-0,1528 

-0,2056 

-0,2661 

-0,2405 

0,0534 

("»“r')i 

-0,0727 

-0,0691 

-0,0609 

-0,0532 

-0,0386 

-0,0136 

0,0065 
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*x  , 

0^ 

0,5 

I.o 

t.s 

2,5 

S,6 

10,0 

* ®v«2 

-0,1759 

-0,3322 

-0,5996 

-0,8203 

-1,1779 

-1,7180 

-2,2939 

3 (h 
k C 
« Cya2 

-0,0806 

-0,1616 

-0,3229 

-0,4758 

-0,7565 

-1,2360 

-1,7777 

3 a 

* '"zl2 

0,0682 

0,1287 

0,2273 

0,3021 

0,4088 

0,5516 

0,6726 

0,0418 

0,0810 

0,1504 

0,2084 

0,3009 

0,4392 

0,5670 

0,0733 

0,0708 

0,0655 

0,0610 

0,0534 

0,0409 

0,0270 

n 

= oo,  X tg  Xj  = 2 

AX 

0,25 

0.5 

1.0 

1,5 

2.5 

6,0 

10,0 

0,4004 

0,7724 

1,4238 

1,9520 

2,7432 

3,8976 

4,8104 

0,2997 

0,5761 

1,0640 

1,4400 

2,0127 

2,9028 

3,5627 

-0,1023 

-0,1987 

-0,3711 

-0,5092 

-0,7163 

-1,0258 

-1,2421 

Am“« 

-0,1355 

-0,2575 

-0,4665 

-0,6086 

-0,8137 

-1,1205 

-1,2919 

*m“f 

-0,0263 

-0,0514 

-0,0969 

-0,1359 

-0,1973 

-0,2915 

-0,3787 

0,1927 

0,3550 

0,5800 

0,6558 

0,5681 

-0,1857 

-1,9380 

3 (i> 

* /• 

0,1007 

0,1846 

0,2969 

0,3123 

0,2017 

-0,4098 

-1,7438 

3 a 
* "‘zll 

-0,0944 

-0,1743 

-0,2948 

-0,3460 

-0,3653 

-0,2324 

0,1876 

-0,0592 

-0,1088 

-0,1832 

-0,2069 

-0,2048 

-0,0896 

0,2329 

-0,0796 

-0,0767 

-0,0685 

-0,0597 

-0,0431 

-0,0151 

0,0073 

'*  ^ya2 

-0,1974 

-0,3774 

-0,6928 

-0,9310 

-1,2964 

-1,8770 

-2,3206 

3 (i) 

« Pya2 

-0,1044 

-0.2058 

-0,4014 

-0,5698 

-0,8251 

-1,2979 

-1,0803 

3 6 

* 

0,0937 

0,1728 

0,2974 

0,3693 

0,4638 

0,5928 

0,6416 

0,0591 

0,1105 

0,1956 

0,2464 

0,3176 

0,4250 

0,4728 

**(m*i»'), 

0,0796 

0,0775 

0,0723 

0,0674 

0,0585 

0,0432 

0,0285 

f 

i 

r 

I 
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kX. 

0.2$ 

*c“ 

0,3719 

"‘'ya 

0.3485 

-0.1720 

(i) 

kn\^ 

Kin^^ 

-0.2196 

kmy 

-0.0243 

n - oo,  X tg  Xq  - 4 


1.0  1.5 


5.0  iO.O 


0.1685 

0,3066 

0.1009 

0,1770 

-0.0917 

-0.1605 

-0.0651 

-0,1108 

-0.0706 

-0.0673 

-0.1765 

-0,3348 

-0.1089 

-0,2072 

0.0928 

0,1666 

0.0672 

0. 1208 

0,0713 

0,0689 

1.7920 

2,5585 

3,7403 

1,5408 

2,1142 

2,9686 

-0,7075 

-0,9440 

-1,2283 

-0,8459 

- 1,0990 

-1,3811 

-0.1238 

-0,1827 

-0,2793 

0,5758 

0,5055 

-0,1972 

0,2685 

0,1193 

-0,5271 

-0,2691 

-0,2418 

-0,0028 

-0,1628 

-0,1118 

0,0972 

-0,0518 

-0,0379 

-0,0136 

\\  oo,  X tg  Xq  « 6 


0.25 

B 

1.0 

1,5 

K 

0,2544 

0,5037 

0,9768 

1,4082 

(i1 

I^OyV 

0,2248 

0,4434 

0,8514 

1,2141 

-0,1251 

-0,2458 

-0,4670 

-0,6558 

-0,1593 

-0,3123 

-0,5902 

-0,8249 

-0,0172 

-0,0342 

-0,0673 

-0.0984 
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Table  27.2  (continuation) 
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Table  27.2  (continaation) . 


u 

0,2S 

0,5 

1.0 

1.5 

2.5 

5,0 

10.0 

3 6 

k r • 

* 

-0,0584 

-0,1161 

-0,2307 

-0,3464 

-0,5707 

-1,0667 

-1,7296 

.3  <*>.a 

-0,0231 

-0,0467 

-0,0986 

-0,1609 

-0,3030 

-0,6748 

-1,1902 

3 

k 

-0,0001 

-0,0002 

-0,0019 

-0,0071 

-0,0237 

-0,0736 

-0,1079 

0,0086 

0,0176 

0,0368 

‘0,0556 

0,0930 

0,1714 

0,2747 

0,0243 

0,0243 

0,0244 

0,0245 

0,0244 

0,0236 

0,0204 

Page  642. 

At  the  low  speeds,  when  ^ and  k » 1 , the  giwen  eatecials  can  be 

directly  utilized  during  the  analysis  of  the  effect  of  the  geoaetric 
parameters  of  wing  on  the  value  of  aerodynaaic  derivatives  in  the 
incoapressible  aeiiuii,  since  the  wing  planfora  in  this  case  is 
deterained  by  three  geoeetric  paraeeters:  Xo,  t). 


sieilaritf  («»</;. 

Tig.  27. a.  Dependence  of  derivative  e“  of  the  paraaeters  of 
alalia rity  (M<„, 
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Fig.  27.i. Dependence  of  derivative  «“  of  the  paraaeters  of  siailarity 


27.6.  Dependence  of  derivative 
aiailarity  (m  < u. 


of  the  paraaeters  of 


e ma 


Fig.  27. "A.  Dependence  of  derivative 
siailarity  (m<i,. 


of  the  paraaeters  of 
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M.g«  27. R,  Depandence  of  derivative  of  the  parameters  of 
siailarity  (»»<u. 
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Pig.  27.9.  Dependence  of  derivative  «“i*  of  the  paranaters  of 
similarity  (m  < o. 


Pig.  27.10.  Dependence  of  derivative  of  the  parameters  of 
similarity  (M  < I) 


Boai 


Piq.  27.11.  Dependence  of  derivative 
m«.  of  the  parameters  of  siailarity 
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Page  645. 


Pig.  27.12.  Mpenience  of  derivatlT*  "J,  of  tk«  paraaoters  of 
stailacity  (MO). 


Pig.  27.13.  Dapeadeace  of  derltratlT*  of  tka  pacaaatacs  of 
slailaritf  (mox 


Pig.  27.14.  Dapaadaaca  of  darivafiTa  m"«  of  ika  paraaatars  of 
siailaci  .f  (M<ii. 
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Fig.  27.15.  DepeaSeace  of  derieatiee  m“«  of  the  pacaaeters  of 
aiailarlty  ‘“o'- 


Fig.  27.16.  Dependence  of  derivative  of  the  pacaaeters  of 

siailarity  (m  < «. 


Fig.  27.17.  Dependence  of  derivative  m*;*  of  the  pacaaeters  of 
siailarity  (M<a 
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Pig.  27.18.  Dependence  of  derivative  m“f'  of  the  pacaeetere  of 
sleilarity  (m<i). 


fl9«  27.19.  Dependence  of  derived  on  the  paraeeters  of 

sleilarity  (m<i). 


Pig.  27.20.  Dependence  of  derivative  m*f<  of  the  paraeeters  of 
sleilarity 
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Fig.  27.21.  Dependence  of  derived  ">“r  on  the  paraaeters  of 

similarity  (M<i), 
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Fig.  27.22.  Depenaence  of  derivative  «*;,  of  the  paraaeters  of 
similarity  (m  < d. 
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Fig.  27.23.  Dependence  of  derivative  of  the  parameters  of 

similarity 
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Pig.  27.26.  Depenience  of  derivative  of  the  parameters  of 

similarity  (m<i). 

Fig.  27.27.  Depenience  of  derivative  of  the  parameters  of 

similarity  (M<i). 
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Fig,  27.30.  Dependence  of  derivative  c"'"  of  the  paraneters  of 
similarity 

Fig.  27.31.  Dependence  of  derivative  of  the  parameters  of 
similarity 


^ 

Fig- 

27.32. 

. Dependence 

of 

derivative 

^yal 

of  the 

paraneters 

of 

simi] 

Larity 

(M  < 1). 

Fig. 

27. 33. 

. Dependence 

of 

derivative 

^yal 

of  the 

parameters 

of 

si Bila  city 

(M  < 1). 

Fig.  27.34.  Dependence  of  derivative 
similarity  (m<i). 

Fig.  27.  35.  Dependence  of  derivative  c“«  of  the  parameters  of 
similarity  (m<i). 
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of  the  parameters  of 
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’“‘ig.  27.  36.  Dependonce 
similarity  (M<t). 


of 


derivative 


^y.3? 

of  the  parameters  of 


Pig.  27.37.  Dependence  of  derivative 
similarity  (m>i). 


of  the  parameters  of 


A y 3r 


^ j 3 7,  3 


3--^ 

Fig.  27.38.  Dependence  of  derivative  of  ^ ’.e  parameters  of 
siailarity  (m<i). 

Fig.  27.39.  Dependence  of  derivative  m*j,  of  the  parameters  of 
similarity  ,m<i). 
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Pig.  27.40.  Dependence  of  deri 
similarity  (m<i). 


ive  of  the  parameters  of 


Fig.  27.41.  Dependence  of  derivative  m*;,  of  the  parameters  of 
similarity  <«i<i). 
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Fig.  27.  42.  Dependence  of 
similarity  (M<i). 

Fig.  27.43.  Dependence  of 
similarity  (m<i). 
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Fig.  27.46.  Dependence  by  derivative  '"«*  of  the  parameters  of 


fig.  27.47.  Dependence  of  derivative  of  the  parameters  of 
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Fiq.  27.48.  Depenlence  of  derivative  m*«  of  the  parameters  of 
similarity  (m<i). 

Pig.  27.49.  Dependence  of  derivative  m“«  of  the  parameters  of 
similarity  (m<i). 
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Fig.  27.50. 

Dependence 

of 

derivative 

O f 

the 

parameters 

of 

sifflila  rity 

(M  < »• 

Fig.  27. 51 . 

Depend  ence 

of 

derivative 

m“z»  O f 
za2 

the 

parameters 

of 

siailarity 

(M  < 1). 
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Fig.  27.52.  Dependence  of  derivative  of  the  parameters  of 

similarity  (m<i), 

pig.  27«53.  Dependence  of  derivative 
similarity  (m<i). 


of  the  parameters  of 


Fig-  27.54,  Dependence  of  derivative 


Fig.  27,55,  Dependence  of  derivative 
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Fig.  27.56.  Dependence  of  derivative 
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?ig.  27.*>8 
similarity 


Depenience  of  derivative  of  the  parameters  of 

(M  < I). 


Piq.  27.59.  Dependence  of  derivative 
similarity 


ir''xt'\  of  the  parameters  of 
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Fig.  27.60.  Dependence  of  derivative  ('"xi'Ot  paraieters  of 

sinilarity  (m<i). 

Fig.  27.61.  Dependence  of  derivative  parameters  of 

similarity  it*  < i). 
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I.  Coefficients  of  aerodynamic  derivatives  at  supersonic  velocities 


The  given  on  diagrams  coefficients  of  aerodynamic  derivatives 
are  obtained  depending  on  three  similarity  parameters:  kk,  Xtgxoi  4* 
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that  determine  the  geometry  of  wing  with  direct/straight  edges  and 
Mach  number  Maxa  l). 

The  calculations  at  supersonic  speeds  are  carried  out  by  N.  A. 
Kudryavtse  voy , N.  G.  Lavrenko,  V.  G.  Tabachnikov,  H.  K.  Fursow.  Is 
examined  the  following  range  of  a change  in  the  similarity 
parameters:  AX  « 0 + 20,  Xtgxo  = 0-r8,  = 1 oo  - with  very  small  Strouhal 

number  (p  ♦ 0).  For  rectangular  (Ax*=  1 + oo,  Xlgxo-0,  n “ 0 

tr ian gular  (AX -=  0,1 -f- oo;  X tg xo  = 4;  T)  = oo)  wings,  furthermore,  are  given  the 
numerical  values  of  the  derivatives  (tables  27.3  and  27.4)  indicated. 
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j 


Fig.  27.62.  Dependence  of  derivative 


Fig.  27.63.  Dependence  of  derivative 
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Table  27.4.  ^tgXo-4,  11  = 00 


kK  0,1  0.25  0,59 


2.594 
1,791 
-1,297 
-1,281 
3 1-0,192 
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Fiq.  27.64.  Dependence  of  derivative  c“  of  the  paraieters  of 
slBilarity 
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Fig.  27.67. 

Depeni 0nce 
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derivative 
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of 
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parameters 
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(M  > 1). 

Pig.  27.68. 

Dependence 

of 

derivative 

yu 

of 

the 

parameters 

of 

simila  rity 

(M  > 1). 

27.69.  Dependence  of  derivative 


of  derivative  m, 


siailarity  (M>i), 


Fig.  27.72.  Dependence  of  derivative  m'. 
sieilarity  (m>i). 


DOC  = 77154324 


PAGE  -«» 


15  n 


3^  ^^  , ^ 7-7  7. 


. -^7  M 


Piq.  27.77.  DepenJence  of  dprivative  of  the  parameters  of 

similarity  im>  d. 


Fig.  27.78.  Dependence  of  derivative  m"f'  of  the  parameters  of 
similarity  <">  n. 


*r 


PAGE  -6=d^ 


Fig.  21.19-  Dependence  of  derivative  m 


Pig.  21. QO.  Dependence  of  derivative 
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Fig. 
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. Dependence 

of 

derivative 

of 

t he 

parameters 

of 

similarity 

(M  > 1). 

Fig. 
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, Dependence 

of 

derivative 

of 

the 
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of  the 

parameters 

of  similarity 

tM  > 1). 
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Fig.  27.83. 

Dependence 

of  derivative 
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the 

parameters 
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similarity 

(M  > l>. 

Fig.  27.84. 

Dependence 
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Pig.  27.90.  Dependence  of  derivative 
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Pig.  27.93.  ^he  dependence  of 

derivative 

of  the  parameters  of 

similarity 

Fig.  27,94.  Dependence  of  the 

derivative 

on  parameters  of 

similarity  (M>i). 

^ 5^-3-  J7.  5’<f 

Fig.  27.97.  Dependence  of  derivative  “js«  of  the  parameters  of 

similarity  (m>i). 

Fig.  27.98.  Dependence  of  derivative  m*;,  of  the  parameters  of 
similarity 
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Fig.  27.101.  Dependence  of  derivative  of  the  paraneters  of 

sifflilarity  <•*>«• 

Fig.  27.102.  Dependence  of  derivative 
sieilarity  imx). 


of  the  paraaeters  of 


Fig.  27.103.  Dependence  of  derivative  of  the  parameters  of 
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Fig-  27.10  5.  Dependence  of  derivative  m%  of  the  paraneters  of 
similarity  \M>i). 


Pig.  27.106.  the  iependence  of  derivative  «<“/,•  of  the  parameters  of 
similarity 
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Fig. 
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. Dependence 
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Fig.  27,  109.  Dependence  of  derivative  m"/,*  of  the  parameters  of 
similarity  (m>0- 

Fig.  27,110.  Dependence  of  derivative  m**«  of  the  parameters  of 
similarity  (m>i). 


Fig.  27.111.  Dependence  of  derivative 


27.112.  Dependence  of  derivative  m^‘,f 
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?iq.  27.115.  Dependence  of  derivative  ('"xfOi  of  the  paraneters  of 

similarity  (m>i). 

Fig.  27.116.  Dependence  of  derivative  of  the  parameters  of 

similarity  im>i). 
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Fig.  27.117.  Dependence  of  derivative 


Fig.  27.118.  Dependence  of  derivative  (< 
sinilarity  (M>i). 


of  the  parameters  of 


Fiq.  27.120.  Dependence  of  derivative 


of  the  pacaaeters  of 
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aerodynamic  derivatives  (Pig-  27.62-27.121)  are  given  in  the 
standard,  connected  with  wing  coordinate  system  and  are  related  to 
centering  ^*,  = 0 (axis  Oz  it  passes  through  the  leading  edge  of  the 
mean  aerodynamic  chord  of  wing  6,).  Let  us  note  that  the  designed 
versions  contain  wings  with  subsonic  and  supersonic  leading  and 
trailing  wing  edges  with  constant  sweepbac)c  [see  conditions  (27,9)  - 
(27.11);^  . 


(55.  Pxample  of  the  calculation. 


Let  us  examine  the  triangular  rigid  wing  of  lengthening  K = 2.5. 

Let  us  find  the  coefficients  of  apparent  additional  masses 
(^44) a: 

— For  this  wing  from  table  27.1  we  obtain; 

(>m) a = 0.4967,  (M.  = -0.2054.  (Ma  = 0.1071.  (*44).  - -0.0122. 


During  the  determination  of  the  coefficients  of  aerodynamic 
derivatives  let  us  examine  two  subsonic  node/conditions:  M— 0 / M — 

— 0,8  _ even  three  supersonic  node/conditions;  M » 1,28  (wing  with 
subsonic  leading  and  supersonic  trailing  edges  is  a condition 
(27,10));  M - 1,9  (wing  with  sonic  edges  - condition  kX  * 4);  M > 2,28 
(wing  with  supersonic  leading  and  trailing  edges  is  a condition 
(27.9))  . 
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Incoii  press  ible  meiJium,  M=0,  A — i 

from  table  27.2  we  obtain:  c“  = 2,5585,  c“"  = 2,1 142, 
-0,9440,  - 1,099,  = - 0,1827. 


Pig.  27.121.  dependence  of  derivative  ('"“i"’')!  parameters  of 

similarity 


Page  686. 


Me  have 


0,  M'mJ;j-0,  M* (/«*,''),- 0,  therefore  for 


With  M = 0 
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the  incompressible  medium  are  determined  the  only  coefficients  of 

aerodynamic  derivatives  with  points  with  the  index 

1 : cll  = 0,5055,  c;;«  = 0,11 93,  = - 0. 1 1 18,  rn^  = - 0,0379, 

- 0,2418. 


Subsonic  velocity,  M-0,8,  A = 0,6 


For  the  mode/conditions  being  investigated  the  parameter  of 
similarity  kx  = 1.5;  therefore  it  is  possible  to  utilize  immediately 
the  tabulated  data  1,7920, 


Ac“«  = 1,5408,  kml^  = - 0,7075,  km^  = - 0,8459,  kmy  - 
= -0,1238,  0,5758,  = 0,^85, 

= - 0.5326,  = - 0,2694,  = 0,3359,  = 

= - 0,1628.  = 0,2473,  {my).  = - 0,0518,  ife'  (m^A  = 

= 0,0594.  ' 


Utilizing  formulas  (27.6)  and  bearing  in  mind  that  k*  = 0,36,  k 

= 0.216,  M*  = 0,64,  we  will  obtain;  c“  = 2,99,  c“f  = 2,57,  = — 1,18, 

my  = - 1,41,  my  = - 0.206,  = 0,1945*',  = - 0,332.  = 

- 0,2545,  my  = - 0.0208,  my  = 0.0375. 


Supersonic  speed,  M = l,28,  A-0,8 


Prom  table  27.4  for  the  parameter  of  similarity  kX  = 2.0  we 

'e; 
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kcl  = 2,594,  /ec;;f=  1,791,  = - 1 ,297,  1,281. 

- = - 0, 192,  kY^>,  = - 1,297,  = 0,4936,  = - 0,5093, 

kY^ll  = 0,0600,  = 0,8106,  = - 0,3085,  = 0,4052, 

= - 0,0602,  = 0,095,  (m“i'')j  = 0. 


Takinq  into  account  relationship/ratio  (27.6)  and  values  k* 

0.64,  k3  = 0.512,  M»=l.64,  we  find:  c“  = 3,24,  c“«  = 2.24.  m“,=  - 1,622,  - 

= -1,603,  m“i‘>  = -0,24.  A =-  0.952,  c"«=-  0.802,  m**  = 


0,601,  m;“«  = 0.6,  m“>^'  = 0.148. 


Supersonic  speed,  M = 1,9,  ft  = 1,615 

For  the  paraneter  of  similarity  kX  ~ 4.0  of  table  27.4  we  have: 

kc]  = 4.0.  ftc“«  = 2,0,  ftm,“,  = - 2.0.  ftm“«  =-1.5,  ftm"f ■ = - 0,334, 
kVl  = - 2.0.  = 0.5.  ftXj,  = 1,25,  ftX/r  = 0,425. 

ft*  = 0,0666. 

All  coefficients  with  points  for  index  2 are  equal  to  zero. 
Taking  into  account  of  formula  (27.6)  and  of  value  k*  = 2.61,  k*  * 
4.28,  M*— 3,61,  we  obtain: 


T 


} 
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= 2.49.  = 1 .245.  m“  = - 1 .245, 

0.932,  m>=-  0.207.  =-  0,478,  c^f=- 0,1195, 

nili  = 0,3,  = 0. 1 02,  = 0,0256. 


Page  687, 


-Supersonic  speed,  M— 2,24,  A — 2 


For  this  BOd a /conditio ns  the  paraoeter  of  siailarity  kX  = 5; 


therefore  froa  table  27.4  are  obtained  the  same  values  Ac’*,  Am’*,  kin*f'> 

jC4uX  * * ' 

A*cJ;.  ^ also  for  the  precedinq/previous  case  (kX  ~ 4)  . Thus, 


taking  into  account  relationship/ratio  (27.6)  and  values  k*  = 4,  k’  = 
8,  M’-5.  we  obtain;  c“  = 2,0,  c“f*  = l.  "i“a=-'. 


m“«=-0,75,  m"f=- 0.167,  c^*  = - 0,25,  c^«=-  0.0625. 

m‘*  = 0,1563,  m“**  = 0,532.  m“--  = 0.0167. 


Let  us  note  that  for  all  examined  no de/conditions  it  was  assumed 
that  the  origin  of  coordinates  is  located  in  the  leading  edge/nose  of 
the  mean  aerodynamic  chord  of  wing  For  characteristic 

linear  dimension  is  undertaked  the  value  of  the  mean  aerodynamic 
chord  A„.  The  recalculation  of  the  coefficients  of  aerodynamic 

derivatives  for  another  centering  (with  the  same  linear  dimension  A,) 
is  made  on  the  basis  of  relationship/ratios  (27.8). 


4 


DOC  * 77154325 


PAGE 


Page  688 

Chapter  XXViii. 

SOHE  COHHON  PBOPERTIES  OP  ONSTEADT  CHAHACTEBISTICS.  EPPECT  OP 
PLARPOBH,  NONBERS  H AND  p*  ON  THE  AEBODTNAHIC  DERIVATIVES  OP  WINGS. 

§1.  Properties  of  unsteady  characteristics,  uhich  escape/ensue  froa 
the  analysis  of  coanon/general/tot al  relationship/ratios. 

Host  completely  and  concrete/specific/actually  the  special 
feature/peculiarity  of  unsteady  aerodynaaic  wing  characteristics  will 
be  studied  further  by  means  of  the  interpretation  of  results  of 
systematic  numerical  calculations.  However,  this  analysis  possesses 
the  determined  limitedness,  since  it  is  cabled  only  to  specific 
characteristics  and  wings;  in  this  case  usually  it  is  important  to 


supplement  it  by  the  comaon/general/total  conclusion/derivations, 
which  escape/ensue  froa  the  mathematical  setting  of  the 


boundary~value  problem:  by  limited  solutions,  by  precise 
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relationship/ratios,  and  also  the  physical  considerations^  which 
escape/ensue  froa  the  essence  of  the  studied  phcnoaena. 


First  of  all  let  us  turn  to  precise  relat icnship/ratios, 
obtained  in  chapter  VI  on  the  basis  of  Duhaael  integral.  There  it  was 
shown,  that  the  nonentua/inpulse/pnlse  of  the  unsteady  part  of  any 
transient  function  (total  or  distributed  characteristic)  was  equal  to 

I 

the  value  of  the  corresponding  coefficient  of  aerodynanic  derivative 
with  point  with  Strouhal  nunber,  vanishing,  nanely: 


c*''  U-o = J w - \ (°®)l 

H = 0 npH  M 0 H p = 1 npH  M = 0. 


Key:  (1).  with.  (2).  and. 


Hence,  by  the  way,  it  follows  that  with  the  equalization  of  transient 
functions  the  absolute  values  of  the  coefficients  of  aerodynanic 


derivatives  with  point  with  p ♦ 


0 decrease,  turning  within  Unit 


into  zero  for  the  conpressed  nediun  and  striving  to  2/:,,  for 
inconpresslble. 


Page  689. 


All  coefficients  of  aerodynanic  derivatives  with  points  during 


the  unlinited  increase  in  Strouhal  nunber  (p  * 


o)  in  the 


conpressed  nediun  vanish.  In  the  incon pcessible  nediun  with  p * 
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they  approach  the  doubled  value  of  the  corresponding  coefficient  of 
apparent  additional  uass.  For  the  total  characteristics,  for  ezauple, 
we  have  with  M = 0 

c*  (oo)  = 2fe,„,  m*  (oo)  = 2k„.,  1 


C**  (oo) 2/j^6,  m“*  (oo)  = - 2k^,  (oo)  = - . J 

These  asyaptotic  foraulas  show  that  with  an  increase  of  Strouhal 

nuaber  during  passage  froa  M=0  to  M 0 occurs  ever 

sharper,  aore  intense  change  in  the  coefficients  of  aerodynaaic 

derivatives,  in  other  words,  during  an  increase  in  Strouhal  nuaber  p^ 

^ the  coapressibility  effect  of  the  aediua  on  these  derivatives 

increases,  which  is  exhibited  especially  strongly  with  snail  n uabers 

M. 

In  chapter  17  it  was  shown,  that  the  liaiting  values  of 

transient  functions  at  zero  tine  r > 0,  when  occurs  an  abrupt 

change  in  the  boundary  conditions,  are  equal  to  the  appropriate 
coefficients  of  aerodynaaic  derivatives  without  points  with  Strouhal 
nuaber  p * — > Thus,  with  any  M we  have,  for  exaaple,  for  the 

total  characteristics 


, m“(oo)  = 

■ "'x  (0)  ■ 

a* 

. m:Moo)  = 

^ mz  (0)  - 

• 

m“n(oo), 


"i-ti  (0) ' 

[ “xl  . ’ 


In  the  inconpressible  aediua  (M=<0)  under  the  value  of  transient 
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function  with  r — > 0 is  understood  the  finite  quantity*  which 
corresponds  to  the  regular  part  transiently  of  function. 

On  the  other  hand*  the  liaiting  values  of  transient  functions  at 
values  r*  when  transient  process  ended  (at  subscnic  speeds  this  will 
be  with  T — > -) * are  equal  to  the  coefficients  of  aerodynaulc 
derivatives  without  points  with  p * — > 0.  If  are  studied  the  total 
characteristics*  then  these  relationship/ratios  take  the  fora 


Page  690. 


(28.4) 


In  such  a Banner*  as  is  evident  froa  (28.3)  and  (28.4)*  the  finite 
values  of  transient  functions  are  equal  to  the  values  of  the 
coefficients  of  aerodynaaic  derivatives  without  points  with  p * ~ Oj 
and  initial  values  > to  the  values  of  the  coefficients  of 
aerodynaaic  derivatives  without  points  with  p * > 


Proa  the  given  foraulas  it  follows  that  snail  changes  in  the 
coefficients  of  aerodynaaic  derivatives  in  terns  of  Strouhal  nuabers 
and  the  stable  behavior  of  transient  functions  in  terns  of 


i 


I 

j 

i 


I 


dlBensionless  tiae  r closely  related  with  each  other.  The  lesser  the 

\ 

dependence  of  the  coefficients  of  aerodynaaic  derivatives  of  Strouhal 
nuaber,  that  nearer  to  the  constant  value  of  transient  function.  If 
transient  functions  are  constant,  then  of  the  fcraulas  of  chapter  Vl 
it  follows  that  the  coefficients  of  aerodynaaic  derivatives  without 
points  are  constant,  and  the  coefficients  of  aerodynaaic  derivatives 
with  points  turn  in  the  coapressed  aediua  into  zero  (in  the 
in COB press ible  aediua  these  coefficients  will  be  equal  to  the  doubled 
coefficients  of  the  corresponding  apparent  additional  aassesl. 


Earlier,  in  chapter  IV,  were  derived  precise  values  of  transient 
functions  with  r — > 0 in  the  coapressed  aediua: 


Foraulas  for  the  calculation  of  the  total  wing  characteristics 
of  siaple  planfora  with  the  direct/straight  edges,  which  are 
characterized  by  lengthening  X,  by  contraction  v)  and  by  the 
constant  sweepback  of  leading  edge  given  in  chapter  of  XXll 
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[formula  (22.34)  ]. 

The  values  of  the  coefficients  aerodfnaeic  derivative  these 
vings  with  the  sufficiently  large  M,  when  leading  and  trailing  edges 
becose  supersonic,  are  detersined  by  relationship/ratios  (26.35). 

With  sufficiently  large  M ee  have 

and  fornulas  (26.35)  for  the  coefficients  of  aerodynanic  derivatives 
without  points  they  convert  to  foraulas  (20.52). 

Page  691. 

Proa  the  aforesaid  it  follows  that  with  an  increase  M > I the 

transient  functions  will  be  increasingly  less  changed  in  r, 
approaching  steady-state  values  in  all  range  r,  and  the  dependence  of 
the  coefficients  of  aerodynaaic  derivatives  of  p * will  decrease, 
whereupon  the  coefficients  of  aerodynaaic  derivatives  with  points 
will  vanish. 


§2.  Properties  of  unsteady  characteristics,  which  escape/ensue  froa 
coaaon/general/total  physical  considerations. 
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First  of  all  let  us  give  the  qualitative  explanatiou*  when  one 
should  expect  the  larger  conpressibility  effect  of  the  wediau  during 
the  unsteady  uotion  of  wing.  The  coapressibility  of  the  aediua  it  is 
exhibited  the  aore  powerful,  the  greater  the  suppleaentary  (agitated) 
pressure  p in  coaparison  with  pressure  in  the  undisturbed  aediua  p • 


Since 


tAeyi 


4oo  Poo^U  _ ^ 142 


The  diaensionless  coefficient  of  pressure  p with  the  accuracy, 
accepted  in  linear  theory,  according  to  the  Cauchy  integral  of  - 
Lagrange  (3. 17)  is  as  follows  connected  with  the  potential  of  the 
disturbed  speeds  in  the  standard  axes; 


d = —(u 

^ uina.’irl- 


Let  ns  introduce  diaensionless  quantities,  after  assuaing 


, , , - * X Uol  . 


then 


^ I 
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If  dependence  on  r is  harnonic,  then 

V U.  y,  2.  t)  = fi  (I,  n.  i)  ^os  p't  + (Pa  (6.  Ti,  t)  sin  p't, 

Hhence 

p =•  2 cos  p't  + sin  p*T  + ^iP'  sin  p*T  - ^^p'  cos  p’tj . (28.9) 

Page  692. 

Proa  (28.6)  and  (28.8)  follows  that  the  coapressibili ty  of  the 
aediua  (effect  of  nuaber  M)  aill  be  exhibited,  generally  speaking, 
the  aore  powerful,  the  greater  the  absolute  values  of  derivatives  # 
and  f and  r.  With  haraonic  tiae  dependences  according  to  (28.9)  an 
increase  in  nuaber  p * leads  to  the  aaplif ication  of  the  effect 
indicated.  Proa  (28.6)  it  is  evident  that  with  identical  p * the 
coapressibility  of  the  aediun  will  aanifest  itself  aore  powerful  the 
large  M. 

Let  Us  note  that  of  the  wing  of  very  snail  lengthening  the 
dependence  of  velocity  potential  # on  € is  insignificant.  To  an 
increase  in  the  absolute  value  d^ldi  contribute  an  increase  in 

the  wing  aspect  ratio,  an  increase  connon/general/total  or  local 
angles  of  attack,  etc.  Absolute  value  is  directly 


connected  with  those  changes,  which  undergo  boundacf  conditions  on 
body.  Ibrupt  changes  in  the  latter  lead  to  considerable  change  d^tdr. 

It  lust  be  noted  that  during  an  instantaneous  stepped  variation 
in  the  boundary  conditions  at  zero  tine  (r  — ^ 0)  the  transient 
functions  undergo  I will  eat  nore  substantial  changes  in  r,  than  less 
nunber  M.  By  this  is  explained  considerable  effect  M on  all  the 
characteristics  near  M«0  during  abrupt  changes  <7,,  and  also 

at  the  values  of  the  coefficients  of  aerodynanic  derivatives  with  p 


Near  the  end/faces  of  wing  at  positive  angles  of  attack  occurs 
the  overflowing  of  flow  fron  pressure  side  of  wing  (where  the 
pressure  in  essence  is  raised)  to  upper.  The  lesser  the  lengthening. 


the  greater  the  specific  gravity/weight  of  end  overflowing.  This,  in 
particular,  lowers  airfoil  lift  during  a decrease  in  its  lengthening 


X.  The  lesser  the  lengthening,  the  weaker  the  conpressibility  effect 
of  the  nediun,  i.e.,  the  lesser  the  effect  cf  nunber  M.  This  is 
connected  with  the  fact  that,  other  conditions  being  equal,  of  the 
disturbance/pertur bations,  caused  by  wing,  the  weaker,  the  lesser  the 
lengthening.  At  the  low  values  of  lengthening  the  effect  of  the  sweep 


angle  contraction  '<1  it  is  snail  with  all  nnnbers  M.  This 


is  explained  by  the  facts  that  with  snail  X even  the  considerable 
change  little  effect  on  wing  planforn. 


PAGE  ^ 
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The  reasons  for  the  deviation  of  precise  data  fros  those  which 
were  obtained  with  the  aid  of  stabilitf  hypothesis  (and  even  the 
expanded  stability  hypothesis,  in  which  correctly  are  considered  the 
local  angles  of  attack  in  statics)  they  consist  in  the  following,  i 
change  of  flight  conditions  is  accospanied  by  a change  in  the  local 
angles  of  attack  and  loads.  This  leads  to  a circulation  control  of 
the  speed  in  this  place  that  in  the  ideal  aediaa  sust  be  accospanied 
by  descent  and  escape  of  free  vortices.  According  to  the  theoress 
about  conservation  of  circulation,  the  total  circulation  on  the 
locked  liquid  duct  sust  resain  constant/invariable  in  tine. 


Thus,  unsteady  flow  is  accospanied  by  continuous  notion  along 
wing  and  by  the  descent  fros  it  of  transverse  transient  vortices 
(their  axes  are  directed  along  spread/scope).  They  cause  additional 
tapers  on  wing,  change  loads  on  it  and  so  forth. 


I Page  693. 

4 

\ 

I The  appearance  of  coefficients  of  aerodynanic  derivatives  with 

I points  closely  related  with  the  effect  of  the  eddy/vortices 

I indicated.  Moreover,  if  p * — > 0,  then  circulations  in  the 


I 


paraneters  with  points  are  located  fros  the  condition  of  the 

conpensation  for  the  tapers,  caused  by  transverse  (purely  unsteady) 
free  vortices.  The  greater  the  lengthening,  the  greater  the  total 
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spread/scope  of  these  eddy/vortices  /f  the  acre  powerful  their  effect 
at  subsonic  speeds.  Hith  supersonic  speeds  and  trailing  supersonic 
edges  an  effect  have  the  only  unsteady  transverse  eddy/vortices, 
which  go  over  wing.  If  trailing  edges  have  subsonic  sections*  wing 
affects  only  the  corresponding  section  of  vortex  sheet  after  wing. 

Vith  M > I and  supersonic  edges  the  flow  about  the  section  z ^ 
const  affects  the  only  part  of  the  wing*  which  lies  within 
reverse/inverse  Hach  cone  (it  on  Fig.  28.1  is  shaded).  The  aore  M, 
the  less  the  aach  angle  (already  shaded  part) . In  this  case  decreases 
the  spread/scope  of  free  vortices*  which  affect  characteristics  in 
this  section. 


Give  in  the  preceding/previous  and  this  paragraphs  of 
consideration  sake  it  possible  to  exaaine  in  general  terns  the  effect 
of  the  wing  aspect  ratio  and  Nach  nunber  on  transient  functions  and 
the  coefficients  of  aerodynanic  derivatives.  At  subsonic  speeds 
transient  process  continues  infinitely  for  long*  at  supersonic  speeds 
it  concludes  in  finite  tiae.  Independent  of  lengthening  A*  when  r 
0*  of  low»aspect-ratio  wing  transient  functions  for 


all  r*  except  r 


0*  will  weakly  depend  on  r.  Therefore  with 


different  X and  M they  take  the  fora*  depicted  on  Figr.  2 8.2  and 
28.3. 


Let  ns  pass  with  the  aid  of  Duhaael  integral  to  the  coefficients 
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of  aerodynaalc  derivatives,  ie  will  obtain  the  cesolt#  depicted  on 
Piga.  28.4  and  28.5  for  and  on  Fig.  28.‘6  for  Let  us  note  that 
with  a decrease  in  the  wing  aspect  ratio  increases  the  range  of 
Strouhal  nuabers,  in  whoa  the  coefficients  of  aerodynaaic  derivatives 
without  points  weakly  depend  on  p ♦.  Eithin  the  liait,  when  X — ► 0, 
derivative  is  not  depend  on  Strouhal  quabers  with  final  p * and 
egual  to  4/M  with  p * * •.  The  coefficients  of  aerodynaaic 
derivatives  with  points  the  faster  turn  into  zero^  the  lesser 
lengthening  X (Fig.  28.6). 
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Pig.  28.1.  D«t«ralnation  of  ranges  of  integration  with  m>i. 


Page  694. 


Let  us  note  also  that  the  dependence  of  aecodynaaic  derivatives 
different  paraaeters  indicates  the  role  of  purely 
unsteady  characteristics  at  the  different  values  of  these  paraaeters. 
For  haraonic  tiae  dependences  and  low  values  of  Strouhal  nuaber  these 
coefficients,  as  already  aentioned,  they  have  purely  unsteady  nature. 
With  haraonic  tine  dependences,  according  to  the  theorea  about 
aoaentna/iapulse/pulses,  the  coefficient  with  point  with  p * — ^ 0 

is  equal  to  aonentua/iapulse/pnlse  froa  the  appropriate  transient 
function  and  integral  characterizes  the  role  of  unsteady  phenoaena. 


PAGE  ^ 


Fig.  28. i|.  D«riFatiT« 


in  sapersonic  rang*  (m>i). 


in  the  coapressad  aedina 
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Page  696. 


§3.  Effect  of  geoaetric  paraaetecs  and  Each  nuabec  on  the  aerodynaaic 
deriTatives  of  wing. 


The  analysis  of  the  effect  of  the  aing  aspect  ratio  and  nuaber  M 
let  ns  conduct  in  an  exaaple  of  the  wings  of  rectangular  and 
triangular  planfora  with  very  saall  Strouhal  nuaber  (p  * — > 0)  and 
position  of  axis  Oz  on  the  leading  edge/nose  of  the  aean  aerodynaaic 
chord  bn. 

On  Figs.  28-7-28.26  are  depicted  the  dependences  of  the 
coefficients  of  aerodynaaic  derivatixes  of  lengthening  X at  the 
constant  values  of  nuaber  M (M  = 0;  0,8;  1,4;  3,0).  An  increase  in  the 
lengthening*  as  is  known*  leads  to  an  increase  in  the  lift 
effectiveness  of  wing*  especially  at  subsonic  speeds.  At  supersonic 
speeds  an  increase  in  the  lift  of  rectangular  wing  occurs  only  to  >.  = 
3-4*  then  c"  reaains  virtually  constant.  For  delta  wings  at 
supersonic  speeds  the  constancy  is  observed*  beginning  with  kX  ^ 
4*  i.e.*  when  leading  wing  edges  they  becoae  at  first  sonic*  and  then 
supersonic.  The  given  curve/graphs  confira  the  known  fact  of  an 
increase  in  the  lift  effectiveness  of  wing  during  passage  froa 
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incoapressible  (M=0)  to  the  coapressed  (M  = 0,8)  aediua 
according  to  pcandtlya  - Glauert's  Lnoan  rule  (see  about  this  in  aore 
detail  in  part  III).  Analogously  ace  changed  other  aerodynaaic 
coefficients  without  points  (derivatives  c“«,  m“,,  The 

analysis  of  the  effect  of  the  sweep  angle  and  wing  taper  although  is 
carried  out  for  the  incoapressible  aediua,  gualitatively  it  can  be 
coaaon  also  for  high  subsonic  speeds.  An  increase  in  the  sweep  angle 
of  wing  leads  to  a noticeable  redaction  in  the  derived 
high-aspect- ratio  wing.  It  is  qualitative,  and  during  very  great 
lengthenings  and  quantitatively  this  described  by  the  diagraa  of 
yawing  wing.  During  snail  wing  aspec : ratio  X the  effect  of  angle 
virtually  is  absent  (Pigs.  28.27-28.32).  This  can  be  explained  by  the 
facts  that  with  snail  X even  a considerable  change  in  the  angle  xo 
does  not  affect  substantially  wing  planfora. 

A change  in  the  wing  taper  r/  at  constant  values  X and  Zo 
wealcly  affects  the  lift  effectiveness  of  wing,  especially  with  snail 
X (Figs.  28.33-28.38).  This  result  it  is  not  difficult  to  understand, 
if  one  considers  that  basic  part  of  subsonic  lift  is  concentrated 
near  leading  wing  edges,  especially  during  snail  lengthenings.  An 
increase  in  the  contraction  at  constant  sweep  angles  (^o  * const)  had 
reduced  as  to  the  catting  of  certain  feed  bachbcne  of  the  wing. 


Let  as  note  also,  that  the  nean  aerodynaaic  center  of  wing  with 
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its  steady  lotion  xy  with  an  increase  in  the  sweep  angle  it  is 
displaced  back/ago  the  lore  noticeably,  the  lore  •vo* 


Pig.  28. 8.  lectangolar  wing.  Dependence 
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Fig-  28.9.  Rectangalar  vlng.  Dependence  on  X and  m. 


Pig.  28.10.  Rectangalar  wing.  Dependence  on  x and  **. 
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Pig.  28.11.  Rectangular  wing.  Dependence 


Fig.  28.12.  Rectangular  wing.  Dependence 


Fig.  28.13.  B«ctang«lac  wing.  Dwpwadwncw 


Fig.  28.18.  Bectangnlac  wing.  Dependence 
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Fig.  28.15.  Rectangular  wing.  Dependence  m 


Fig.  26.16.  Rectangular  wing.  Dependence  on  A and  m 


Fig.  28.17.  Delta  wing.  Dependence 


Fig.  28.18.  Delta  wing.  Dependence 
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Pig.  28.19.  Delta  wing.  Dependence 


Fig.  28.20.  Delta  wing.  Dependence 


Pig.  28.21.  Delta  wing.  Dapwid^^nce 


Pig.  28.22.  Delta  wing.  Dependence 
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Pig.  28.30.  Pig. 


Pig.  28.30.  Effect  of  sweep  angle  to  derivatiwe 


Pig.  28.31.  Effect  of  sweep  angle  on  deciwative 


Pig.  28.32.  Bffect  of  sweep  eagle  on  derivative 


28.31. 
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Pig.  28.36.  Pig.  28.37.  Pig.  28.38 


Pig.  28.36.  Effect  of  contraction  on  deci^atlTe  ">“f‘  (*o"*'*) 

Fig.  28.37.  Effect  of  contraction  on  derivative 

Fig.  28.38.  Effect  of  contraction  on  derivative  "'J; 


PiGB 


28.39.  Effect  of  aaebec  m on  deri»atiT«  c?(^-24). 


Key:  (1).  Rectangular  wing.  (2).  Delta  wing.  (3).  Sweptback  wing 


26. UO.  Effect  of  nuaber  m derivative 


Key:  (1).  Rectangular  wing.  (2).  Delta  wing.  (3).  Sweptback  wing 
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Fig.  28.41.  Effect  of  nuaber  m on  deciTative 


Key:  (1).  Rectangular  wing.  (2).  Delta  wing.  (3).  Sweptback  wing 


Key:  (1).  Rectangular  wing.  (2).  Delta  wing.  (3).  Sweptback  wing 
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Pig.  28.43. 


Pig.  28.44. 


Pig.  28.43.  Effect  of  nuaber  m on  derivative  ^>.-2.51. 


Key:  (1).  Rectangular  wing.  (2).  Delta  wing.  (3).  Sweptback  wing. 


Pig.  28.44.  Effect  of  nunber  m on  derivative  (>.-2.5). 


Key;  <1).  Rectangular  wing.  (2).  Delta  wing.  (3).  Sweptback  wing. 


Pig.  28.45.  Effect  of  nunbec  m derivative  <^“(^-2.4. 


Key:  (1).  lectangular  ving.  (2).  Delta  ving.  (3).  Sveptback  viag. 
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Key:  (1).  Sectangalar  ving.  (2).  Delta  wlag.  (3).  Sweptback  «ing. 

Page  709. 

Derivatives  that  characterize  respectively 

longitudinal  attenuation  and  roll  daaping«  with  an  increase  in  the 
lengthening  increase,  i.e. , attenuation  is  raised.  Moreover  on 
low-aspect-ratio  wings  the  effect  of  the  sweep  angle  and  contraction 
is  exhibited  very  weakly.  The  derivatives  indicated  together  with 
value  m“„,  which  characterizes  longitudinal  stability  factor, 
during  an  increase  in  the  nuaber  M increase  at  first,  then, 
especially  with  M>3,0,  they  decrease'. 

The  coefficients  of  aerodynaaic  derivatives  with  points  in 
subsonic  range  also  strongly  depend  on  lengthening.  At  supersonic 
speeds  the  effect  of  lengthening  proves  to  be  saaller.  With  very 
snail  Strouhal  nuabers  the  nost  powerful  effect  of  Mach  nuaber  is 
observed  at  transonic  speed  (near  M = I).  Here  especially  grow/rises 
the  role  of  those  aerodynaaic  characteris<tics,  which  have  purely 
unsteady  nature.  This  is  exhibited  in  an  essential  increase  in  the 
absolute  values  of  the  coefficients  of  aerodynaaic  derivatives  with 
points  near  aode/conditions  M =>  I,  in  a change  in  their  signs  in  the 
area  of  the  value  M indicated  and  of  so  forth  (Pigs.  28.  39-'28.48) . 
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Vith  M >2,5 + 3,0  the  coefficients  of  aeiodynasic  derivatives  with 

points  decrease*  striving  for  zero  with  M-t-oo.  One  should  turn 

attention  also  to  the  fact  that  the  effect  of  wing  planforn  is 
exhibited  aost  powerful  in  transonic  range*  especially  for  the 
coefficients  of  aerodynanic  derivatives  with  points. 


§4.  Effect  of  Strouhal  nunber  on  the  coefficients  of  aerodynanic 
derivatives. 


The  inaediate  deteraination  of  the  coefficients  of  aerodynanic 
derivatives  with  arbitrary  Strouhal  nunber  is  reduced  to  very 
cunbersone  calculations.  This  task  was  solved  nunerically  by  Te.  H. 
Moiseyev  only  for  the  rectangular  wings  of  the  final  lengthening  in 
the  inconpressible  aediun  (see  Chapter  of  XIV)  and  for  delta  wings 
with  supersonic  edges  of  0.  R.  Sokolovoy*  V.  G.  Tabachnikov*  B.  K. 
Fursov*  A.  I.  Shevchenko  (chapter  of  XXII) . More  effective  is  the 
solution  of  problea  with  the  aid  of  Duhanel  integral.  It 
render/showed  to  nuch  siapler  solve  task  during  a stepped  variation 
in  the  kineaatic  paraaeters  in  tine*  and  then*  utilizing  transient 
function*  Duhanel  integral  and  the  coefficients  of  associated  aasses 
(for  the  inconpressible  aediun)*  to  deternine  the  coefficients  of 
aerodynanic  derivatives.  By  this  aethod*  in  particular*  obtained  the 
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coefficients  of  aecodynanic  derivatives  cj)  sad  (Fig.  28.49)  for 

three  wings  with  lengthening  X = 2.5:  rectangolar,  triangular  and 
swept  (^0  = 60®,  •>]  = 2)  - at  low  speeds  (M  =0). 

Page  710. 


As  the  initial  naterials  during  calculations  served  the  corresponding 
transient  functions,  given  in  chapter  of  XXIX,  and  the  coefficients 
of  apparent  additional  nasses  (chapter  of  XX¥II).  At  subsonic  speeds 
(M<1)  these  derivatives  are  deternined  for  a rectangular  wing  X = 1 
(Pigs.  28.50,  28.51). 


At  subsonic  speeds  (M  0;  0,l;  0,6;  0,9)  for  a plate  (X  - •)  are 
obtained  also  the  coefficients  of  aerodynanic  derivatives,  caused  by 
the  deflection  of  rudder  or  flap,  c*p,  mjp.  These  data  are 

acquired  also  by  nnnerical  calculation  with  the  aid  of  transient 
functions  during  the  solution  of  6-problen  and  Duhanel  integral 
(Pigs.  28.52-28.59). 

By  analyzing  the  given  materials,  it  is  possible  to  draw  the 
coanon/general/total  conclusion  that  on  the  speeds  in  question  the 


greatest  effect  of  Strouhal  nuaber  is  observed  at  coaparat ively  snail 
values  of  p *•  Attention  is  drawn  to  the  interesting  result,  obtained 
for  subsonic  speeds.  If  with  very  snail  Strouhal  nuabers  (p  * — * 0) 


DOC  » 77154325 


PAGE  ^ 12-75 


f 


the  effect  of  Each  nuaber  begins  to  Muifest  itself  the  coefficients 
of  aerodynanic  derivatives  with  M » 0,6 -i- 0,7,  then  with  large 
Strouhal  nuabers  the  effect  of  naabec  M especially  is  substantial 
near  snail  M,  whereupon  is  observed  juap  daring  passage  fron  that 
incon press ible  to  the  conpressed  aediua.  Even  with  M«o,l-f-02 
the  coefficients  of  aerodynanic  derivatives  on  large  Strouhal  nuabers 

(p  * ^ •)  change  several  tines  in  conparison  with  these 

coefficients  with  M = 0.  Subsequently  this  difference*  renaining  in 
value  large*  soaewhat  decreases  during  an  increase  in  the  nuaber 
W (0<  M < 1). 


Let  us  exaaine  in  nore  detail  carves  to  Pigs.  28.60*  28.61*  that 
characterize  the  coabined  effect  of  nuabers  M and  p * on 


coefficients 


and  c^.  Let  us  note  that  for  the  plate  of  infinite 


lengthening  the  coefficients  of  aerodynanic  derivatives  with  points 
with  p * — 0 go  to  infinity  at  subsonic  speeds.  In  this  sane 
node/conditions  the  coefficients  without  points  have  a special 
feature/peculiarity  near  M = l (see  Pig^'  28.60).  With  p ♦ — » • 
the  coefficients  with  points  are  equal  to  zero  for  all  nuabers  M, 
except  M*=0.  In  the  latter  case  they  are  equal  to  the 

appropriate  coefficients  of  apparent  additional  aasses.  The 
coefficients  of  aerodynanic  derivatives  without  points  with  p * — ^ 
• do  not  have  special  feature/peculiarities*  when  M - I,  but  they 
appear  in  the  inconpressible  aediua.  Rlth  M « 0 the 


the 
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coefficients  vithoat  points  are  equal  to  the  initial  values  of  the 
regular  part  of  the  transient  function.  In  the  case  for 

the  coefficients  of  aerodynanic  derivatives  are  valid  precise 
foruulas  of  the  type  cons(/M, 
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Pig.  28.49.  Effect  of  «iag  plaafora  (X  » 2.5)  on  derivatives 
in  the  iacoapressible  aedioa. 


Re;:  (1).  Rectangular  ving.  (2).  Delta  wing.  (3).  Saeptbac  k wing 


Pig.  28.50. 


Pig.  28.51. 


Pig.  28.50.  Rectangular  ving  X « 1.  Effect  of  Stronhal  aaaber  on  < 
derivative 

Pig.  28.51.  Rectaagolar  eiag  X « 1.  Effect  of  Stroakal  aaaber  on 
derivative 
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Page  712. 

4 

5 

i 

1 

Fig.  28.52. 

Fig.  28.52.  Wing  V = -, 
derivative  e*p  (o<sm<i). 

Key:  (1).  Huaerical  calculation. 

Fig.  28.53.  Wing  X = -, 
derivative  (o<m<i). 


Effect  of  Stroubal  nunber  on 


(2)  . Exact  solution. 


Effect  of  Strouhal  nunber  on 
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Pig.  28.54.  Hlng  A » -<>■»'  Effect  of  Strouhal  nuabec  on 

derivative 


Key:  (1).  Raeerical  calculation.  (2). 
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Page  714. 


tecivatlve  wj?  (o<m < i.  i^-o). 


Effect  of  Stroahal  nuabec  on 


Fig-  28-60.  Effect  of  nuabers  m aad  p ♦ on  derivatiTe  cj  for  a 
wing  X = -. 


Pig.  28.61.  Effect  of  nuabeca  m 


and  p * on  derivative 


for  a 
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Pago  715. 


Pig.  28.62,  Rectangular  wing  X = 2.5.  Effect  of  nunbero  m and  p ♦ 
on  deriratives  and 

Pig.  28,63,  Rectangular  wing  X = 2.5.  Effect  of  numbers  m and  p ♦ 
to  dotiwatiwes  and  mju^-o). 
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Fig.  28.64.  Bectangalar  wing  X = 2.5.  Effect  of  nuebecs  « end  p * 
on  derivatives  and 

Fig.  28.65.  Rectangular  wing  X = 2.5.  Effect  of  nunbers  m and  p * 
on  derivative  »"“*  and  m“*u-oi. 
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Pig.  28. «7. 


Fig.  26.68. 


Pig.  28.67.  Rectangular  wing  X » 2.5.  Effect  of  nuabecs  m and  p * 
on  deriwatives  ««  and 


Pig.  28.68.  Rectangular  wing  X » 2.5.  Effect  of  nunbers  m and  p * 


on  derivatiw 


and 
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Fig.  28.69.  Delta  viag  X = 
derivatives  aad  ^ 

Fig.  28.70.  Delta  ving  X = 
derivatives  m“  aad 


Fig.  28.71.  Delta  wing  X « 


PAGE  "7^ 


Pig.  28.72.  Delta  wing  X » 2.5.  Effect  cf  nuebers  m and  p * on 


derivatives  ", 


Pig.  28.73.  Delta  wing  X = 2.5.  Effect  of  nuabers  m and  p * on 
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The  dependences  of  aerodynanic  derivatives  of  Strouhal  nuaber  at 
supersonic  speeds  (M  =-  1,2;  V2\  2,0;  3,0)  for  the  rectangular  and  delta 
wings  of  lengthening  X = 2. 5 are  given  in  Fig.  28.62-28.77,  Are 
examined  the  cases  of  harmonic  oscillations  (derivatives  c“,  c*,  m“,  m‘,  f“*, 
f*'.  of  harmonic  gust  (derivatives  c*.  m^). 

The  derivatives  indicated,  besides  m“f',  noticeably  depend  on 
Strouhal  number  in  the  range  of  the  low  values  p ♦.  With  p ♦ - — >-  - 
the  coefficients  without  points  approach  some 

finite  values,  coefficients  with  points  - for  zero. 
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Fiq.  28«74.  Delta  wing  X = 2.5.  Effect  of  nuabecs  a and  p ♦ on 
derivative 


Pig.  28.75.  Delta  wing  X = 2.5.  Effect  of  nuabers  m and  p * on 


derivative  cj. 


Pig.  28.77. 


Fig.  28,76.  Delta  wing  X = 2.5.  Effect  of  nuabers  m and  p ♦ on 
derivative 

Pig.  28.77.  Delta  wing  X = 2.5.  Effect  of  nuabers  m and  p * on 
c/er/  v'o.f  / (/  <2 
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In  the  case  of  harmonic  gust  at  supersonic  speeds  the  coefficients  of 
aerodynamic  derivatives  without  points  (c^,  m*)  during  the 


unlimited  increase  in  Strouhal  number 


vanish,  but 


coefficients  with  points,  just  as  are  earlier,  they  tarn  into  zero. 
Passage  from  the  supersonic  to  transonic  speed  produces  an  increase 
in  the  absolute  values  of  the  wing  characteristics,  connected  with 


lift  effectiveness,  static  stability  level  and  the  attenuating 


properties  of  wing.  Increase  also  the  coefficients  of  purely  unsteady 
nature  (coefficients  with  points). 


Comparing  the  appropriate  coefficients  of  aerodynamic 
derivatives  without  points  for  rectangular  and  delta  wings  with  very 
small  Strouhal  number  we  see  that  qualitatively  the  wing 
characteristics  of  the  forms  in  question  differ  from  each  other  by 
supersonic  speeds  approximately  just  as  for  the  incompressible  medium 
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derivatives. 

The  given  in  chapter  XXVIl  systematic  data  on  the  coefficients 
of  aerodynamic  derivatives  are  related  to  the  determined  centering. 
This  is  related  also  to  some  coefficients  of  apparent  additional 
masses.  The  problem  of  the  recalculation  of  aerodynamic  coefficients 
for  other  centering  is  solved  with  the  aid  of  relationship/ratios 
(27.3)  and  (27.8). 


The  analysis  of  the  effect  of  centering  on  the  coefficients  of 
aerodynamic  derivatives  was  carried  out  on  an  example  of  delta  wing 
(X  = 2.5).  On  Pigs.  28.78-28.85  are  represented  the  results  of  the 
made  recalculations,  by  which  the  position  of  the  origin  of 
coordinates  was  displaced  along  the  mean  aerodynamic  chord  (see 

Fig.  28.78).  Coefficients  are  given  depending  on  xr  — Xjlb^  { Jtt  — 

distance  from  leading  edge/nose  b,  to  the  new  origin  of 
coordinates) . The  point  it  is  the  center  of  bringing  forces,  and 

through  it  it  passes  axis  oz,  relative  to  which  occurs  rotation.  Were  | 

1 

studied  five  characteristic  cases:  the  incompressible  medium  (M-0), 
high  subsonic  speeds  (M—0,8)  and  three  supersonic 
mode/conditions.  For  supersonic  speeds  (M  > I)  is  investigated 

the  wing  with  subsonic  leading  edge  (AX  - 2,  M — 1,28),  sonic 
leading  edge  (AX -=  4.  M » 1,9)  and  supersonic  leading  edge  (AX  - 5.  M - 2.24). 
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Derivatives  and  c‘*  do  not  depend  on  centering.  The 
coefficients  of  aerodynanic  derivatives  c“j*,  depend  on  ^ 

centering  linearly*  whereupon  the  angles  of  the  slope  of  the 
dependences  c““,  m“,  on  xt  are  deterained  by  value  c^.  These  \ 

i 

angles  are  opposite  on  sign  in  the  characteristics  indicated  in  ^ 

1 

consequence  of  which  always  it  is  possible  to  find  centering*  for  ] 

which  c“;*-0  or  '"‘,-0.  ^ 

I 

I 

I 
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Fig.  28.78. 


Fig.  28.78.  Delta  wing  X = 2.5,  Effect  of  centering  on  decivatire  c“j*. 


m 


a 

2M’ 


Fig.  28.79.  Delta  wing  X = 2.5.  Effect  of  centering  on  derivative 
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Pig.  28.80, 
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Pig.  28.81. 


Fig.  28.80.  Delta  wing  X = 2.5.  Effect  of  centering  on  derivative 


Fig.  28.81.  Delta  wing  X = 2.5.  Effect  of  centering  on  derivative 
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Pig.  28.94. 


Pig.  2d.dSa 


Fig.  28.84.  Delta  wing  X = 2.5.  Effect  cf  centering  on  conbination 


^ '■gw 


Fig.  28.85.  Delta  wing  X = 2.5.  Effect  of  centering  on  combination 


m,"  + m,“. 


Page  722. 


Similar  pattern  is  observed  for  coefficients  c*"  and  m*j,  only 
here  the  slope  angles  are  determined  by  the  value  of  derivative  c*j. 
The  dependence  m*«,.  just  as  m"",  on  centering  is  guadratic.  The 
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more  the  lift  effectiveness  of  wing,  the  more  the  curvature  of  the 
parabola  with  a given  x_  (see  Pig.  28.80).  Most  Interesting  are 
the  curves  for  combinations  ‘^'andn  * (see  Figs.  28.84  and 

28.85),  which  characterize  the*^  damping  and  the  attenuating 

pitching  nonent  during  the  rotary  oscillations  of  siag  relative  to 

axis  Oz.  If  + "*!*> 0.  then  instead  of  that  which  attenuate 

appears  the  torque/monent,  which  increases  the  aaplitude  of 
oscillations. 
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In  all  designed  «ode/conditions  the  delta  wing  (X  « 2.5)  possesses 
attenuation.  At  the  low  speeds  (M  — 0)  the  wing  of  any  planfoca 

does  not  have  negative  daaping  ("»“;*  + z”*! <0).  For  the  rectangular 

wing  of  very  small  lengthening  with  M =* 0 + - 0 on  trailing 

wing  edge  For  a delta  wing  with  supersonic  leading  edges 

(kX  > 4)  are  vast  ranges  of  the  negative  attenuation,  which  appear 
with  the  relatively  snail  values  of  supersonic  speed  or  large  wing 
aspect  ratio.  The  coefficient  of  the  attenuation  of  longitudinal 
vibrations  with  certain  determined  centering  reaches  the  greatest 
value,  which  corresponds  to  the  nininum  of  the  attenuating  properties 
of  wing. 


The  given  to  Fig.  28.86  dependences  on  the  position 

of  axis  Oz  (from  centering  of  wing  .tt)  for  a delta  wing  (X  =>  7,5,  1,2) 

show  that  with  bow  heavinesses  (xt^O.S)  the  wing  is  swought  by 
flow  (wi“" + m*;>  O).  During  a decrease  in  the  number  M(M<1,2)  or 

an  increase  in  lengthening  this  wing  of  the  range  of  negative  damping 
they  will  be  expanded  and  moved  to  trailing  wing  edge.  For  the  wings 
indicated  these  ranges  depend  even  on  given  Strouhal  number 
The  range  of  negative  damping  for  each  value  u lie/rests  below 
corresponding  curve.  The  given  to  Pigs.  28.87,  28.88  carves  indicate 
with  datum  u and  any  centering  this  number  M,  higher  than  which 
negative  damping,  according  to  the  data  of  line«t  theory,  is 
impossible. 
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Chapter  XXIX, 


Effect  of  planfora,  the  Hach  nunbers  and  laws  of  aotion  for  transient 
funct ions. 


§1 . Some  relationship/ratios  for  transient  functions. 


For  the  solution  to  the  problem,  in  which  the  kinematic 
parameters  change  with  arbitrary  form  in  time,  sufficient  to  examine 
a stepped  variation  in  these  parameters.  As  a result  of  the  solution 
of  this  problem  are  determined  the  transient  functions  during  an 
instantaneous  change  in  the  kinematic  parameters  (a-,  Wi-,  w*- 
problems),  and  also  at  the  gradual  entrance  of  wing  into  step  gust 
(A-  problem)  . 


If  they  change  immediately  several  parameters,  then  the  general 
case  is  represented  as  the  linear  combination  examine/considered.  For 
example,  for  the  lift  coefficients  c,.  of  the  pitching  moment  m„  of 
the  moment  of  roll  m,  we  have 
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Here  value  included  into  brackets,  transient  functions  for  a-,  u,. 
and  <i)x- problems;  a *,  u’,  u*-  the  amplitude  values  of  the 

corresponding  kinematic  parameters. 


Especially  let  us  examine  the  case,  when  wing  completes  rotation 
around  axis  Oz  as  solid  body;  here 


In  order  to  obtain  transient  functions  in  this  case,  it  is  necessary 
to  examine  two  problems,  one  of  them,  in  which  u,  is  changed 
according  to  stepped  law,  was  studied  higher  according  to  (29.2)  the 
dimensionless  derivative  of  angle  of  attack  in  terns  of  time  i (t) 
must  in  this  case  also  change  in  terms  of  stepped  law. 


Page  72S. 

Consequently,  it  is  necessary  additionally  to  find  aerodynamic  wing 
characteristics,  including  for  the  law 


I 

I 


DOC  = 77154326 


PAGE  ^ 13  0 O— 


i 


Then,  after  accepting 


u,  — a 


we  will  obtain 


C,(t)  = 

Cy  (t)  + 

' Cy  (t)' 

. 

m,  (t)  - 

m „(t)  + 

■ lilt  (t) 

• 

(29.4) 


characteristics.  The  calculation  of  functions  and 

is  aost  convenient  produced  with  the  aid  of  Duhaael  integral  (about 

this  in  more  detail  - in  chapter  VI).  According  to  (6.45)  we  have 


T 

r 

r (Ti)  1 

J 

0 

1 a-  J 

t 

ff 

niz  (ti)  1 

J 

0 

a-  J 

j 0 W 

I 1 M 


^0, 

= 0. 


(29.5) 


Is  carried  out  below  the  analysis  of  the  effect  of  the  geometric 
parameters  of  wing,  number  M on  the  laws  of  motion  for  the 
transient  functions 


r r 1 

» ■**1,1 

■ m,,  ■ 

— 

» *a»  4 

• 

2 

L“xi  J 

daring  a stepped  variation  in  the  kinematic  parameters  and 

fe]' 
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at  the  gradual  entrance  of  wing  into  gust.  Aerodynaaic  coefficients 
are  introduced  as  follows: 


2K 


m,  ■ 


2A#, 

9SUy>  ' 


m*i  - 


2A#, 

7^' 


(29.6) 

9 


b - root  wing  chord  x^,  — the  coordinate  of  unsteady  aean 

aerodynamic  centers  of  wing  relative  to  the  leading  edge/nose  of  its 
root  chord  ( if  focus  lie/rests  behind  leading  edge/nose). 


Page  726, 


A stepped  variation  in  the  kinematic  parameters  is  conducted  in 


such  a way  that  at  the  initial  moment  r = 0 kinematic  parameters  a, 

<Ot.  (0X1,  WyS  ] 

^ ^re  changed  by  jump  to  amplitude  values  a ♦,  a’,  «*,,  and 

retain  them  with  r > 0 (see  Fig.  6.3).  The  obtained  from  the 
calculations  transient  functions  ^o«  do  depend  on 

centering  jCj,,  [c^/w’|,  they  depend  on  the  position  of  axis  Oz, 

According  to  these  data  it  is  not  difficult  to  find  in  the  general 

case  moment  coefficient  relative  to  another  position  of  axis  Oz,  for 
example,  passing  through  the  leading  edge/nose  the  root  chord: 


[■?]  “ [^] 

Transient  functions  for  a,- problems  are  obtained  for  the 

case,  when  beginning  of  coordinates  is  arranged  in  the  leading 
edge/nose  cf  root  wing  chord  (fr  = 0).  Recalculation  for  another 
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centering  is  conducted  according  to  the  folloving  focaolas: 


[ o J,  L o J [ J,  L J L a J 


Here  5o  “ dieensionless  coordinate  nee  began  relatively  old. 


For  wings  with  constant  sweepback  the  distance  fron  the  leading 
edge/nose  of  root  chord  to  leading  edge/nose  HAC  is  deternined  fron 
the  formula 

(29.9) 


Mean  aerodynamic  center  of  wing  relative  to  leading  edge/nose 
b^XF’-‘Xflba,  can  be  obtained,  by  utilizing  a value  of  the  focus  x^,-^xqjb, 


undertaked  relative  to  leading  edge/nose  b: 

— -J- — Za tg  Xo)  , 

_•  lti  + 2 _L\ 

^•“3-^'  T-Tl‘  + n)- 


(29.10) 
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§2.  Special  feature/peculiarities  of  a change  in  the  transient 
functions. 


.^■vraikU*  .■  ..Kry  * 
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Let  us  note  some  special  feature/peculiarities  of  a change  in 
the  transient  function  of  aerodynamic  wing  characteristics,  when  the 
kinematic  parameters  are  changed  in  the  course  of  time  according  to 
stepped  law. 


During  a change  in  the  angle  of  attack  and  angular  velocities  at 


the  initial  moment  r = 0 derivatives  a,  «<)*,  <0*1 


have  infinite 


values.  This  leads  to  a sharp,  abrupt  change  in  the  aerodynamic  wing 
characteristics. 


In  the  incompressible  medium  (M  = 0)  disturbance/pert urbation 
they  are  spread  instantly;  therefore  they  covet  entire  mass  of 
liquid.  At  torque/moment  t = 0 on  wing  is  realized  noncirc ulating 
flow,  since  free  vortices  on  wing  and  after  it  to  converge  still  not 
began.  But  in  this  case  forces  and  torque/moments  on  wing  will  be 
equal  to  infinity,  because  they  are  proportional  to  the  derivatives 
(see  about  this  in  more  detail  in  §9  chapters  II  and  §5  of  chapter 
VI)  indicated.  At  the  following  torque/moment  (t  > 0)  on  an  entire 
wing  surface  will  occur  the  departure/withdrawal  of  free  vortices 

from  those  which  were  connected  and  will  arise  the  circulation  scheme 
of  flow  with  the  execution  of  Chaplygina  - Joukowski*s  hypothesis  on 
trailing  wing  edges.  Forces  and  torgue/moments  instantly  accept  the 
finite  values,  but  further  begins  the  regular  part  of  the  transient 
process. 


1 
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X'n  the  compressed  medium  (M  =?<=  0)  dlsturtance/pertarbat  ion  they 
are  spread  at  the  final  speed,  equal  to  the  speed  of  sound.  In 
connection  with  this  with  t = 0 aerodynamic  forces  and  moments  take 
the  finite  values,  the  lesser,  the  greater  the  number  M.  Then  they 
decrease,  but  not  abruptly,  as  in  the  incompressible  medium,  and 
gradually,  but  the  more  intensely,  the  less  M.  The  subsequent  part 
of  the  transient  process  in  compressed  and  incompressible  the  media 
is  qualitatively  identical. 

Although  the  boundary  conditions  on  wing  in  a-,  a),i-  and  to,- 
problems  with  r > 0 do  not  change  in  the  course  of  time  however 
occurs  at  first  readjustment  of  vorter/eddy  system  on  wing  and  after 
it.  A circulation  control  of  bound  vortexes  on  wing  is  accompanied  by 
the  remova 1/dri  ft  of  equally  contrasted/opposed  free  vortices  with 
those  direction  of  axes.  Thus  far  trace  affects  wing,  producing  on  it 
unsteady  tapers,  is  changed  and  the  circulation  of  bound  vortexes, 
but  that  means  change  all  the  aerodynamic  characteristics.  At 
subsonic  speeds  (M<l)  this  will  cccur  theoretically  infinite 
time.  Therefore  transient  process  here  bears  asymptotic  character.  At 
supersonic  speeds  (M  > 1)  disturba nce/perturbation  they  are 
spread  only  downstream  from  perturbation  source.  To  flow  around  of 
the  wing  in  this  case  affect  the  only  transient  vortices,  which  go 
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over  wing,  but  with  subsonic  trailing  edges  - and  certain  Halted 
part  of  the  wing  wake. 


Page  728. 


Transient  process  continues  finite  time  and  concludes  with  certain 
t = T».  It  is  not  difficult  to  see  that  according  to  the  teraination 
of  the  transient  process  of  function  (‘^»/“*]>  are 

taken  respectively  the  values  of  aerodynamic  derivatives  c“,  c“*,  m“f', 
found  at  the  same  numbers  M for  p ♦ > 0. 


Tlpon  the  gradual  entrance  of  the  wing-plate  of  arbitrary 
planforra  into  the  gust  of  disturbance/perturbation  they  appear  for 
the  first  time  with  t = 0,  when  begins  the  entrance  of  wing  into 
gust.  At  the  initial  moment,  obviously,  the  lift  and  torgue/mo went 
are  equal  to  zero,  with  a entrance  of  wing  into  gust  and  an  increase 
in  the  range,  which  experience/tests  its  direct  effect,  the  lift  and 


torque/moment  in  absolute  value  increase  at  first.  The  limiting 


values,  which  correspond  r 


- with  M<I  and  t * t» 


with 


M > I,  will  be  equal  to  c°  for  and  /nj  for 

since 


^3.  Effect  of  the  geometric  parameters  of  wing  on  transient 
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Common/general/total  considerations  on  the  effect  of  the 
geometry  of  wing  on  its  aerodynamic  characteristics  are  presented  in 
the  preceding/previous  chapter.  Much  from  the  aforesaid  about  the 
effect  of  geometric  parameters  wing  on  the  coefficients  of 
aerodynamic  derivatives  almost  completely  can  be  attributed  to 
transient  functions,  if  one  compares  wing  characteristics  at  the 
fixed  values  of  the  moments  of  time  r - const.  Therefore  we  will  not 
give  the  in  detail  indicated  data,  but  in  addition  to  the  aforesaid, 
above  let  us  test  of  transient  functions  in  all  range  of  a change  in 
the  dimensionless  time  r. 

On  Figs  29.1-29.4  for  subsonic  speeds  are  given  transition 
functions  [c,/®*]  and  the  corresponding  to  them  coordinates  of 

focus  Xa  for  three  wings  of  the  simplest  planform  with  lengthening  X 
*2.5:  1 - rectangular,  2 - triangular  and  J - swept  (-^o  = 60®, 

- two  wings  of  complex  planform  (see  Fig.  2.5):  4 - X = 7. 4,^o^  = 

72®, 5,  = 15®  and  5 - X = 3.2,  = 72®, 5,  Xo^  = ^0®- 

In  the  incompressible  medium  (M«0)  during  an  instantaneous 
change  in  the  kinematic  parameters  at  the  initial  moment  r - 0 

transient  functions  90  to  infinity.  Then  their 
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values  in  absolute  value  instantly  fall,  reaching  finite  quantity. 
Subsequently  occurs  smooth  approach/approxiaaticn  to  the  steady-state 
values,  which  correspond  t — > • (dot-dash  line  on  curve/ graphs) • 
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Fig.  29.1.  Dependence  of  transient  function 

tiae  TiM-o). 


Key:  (1).  Hing. 


of  diaensionless 


w— — — 
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Pig.  29.2.  Dependence  of  unsteady  focus  on  dimensionless  tise 


Key:  (1) . Wing. 
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Page  731. 

Dpon  the  gradual  entrance  of  wing  into  the  gust*  which  for 
rectangular  and  delta  wings  begins  with  r = 0 and  concludes  into 
torque/monient  t = 1,  transient  functions 

they  grow/rise  in  absolute  value  from  zero  to  steady-state  value. 
Transient  process  with  M < 1 continues  infinitely  for  long,  and 

with  M>1  - finite  time. 

At  high  subsonic  speeds  (M  = 0,8)  and  an  with  instantaneous 
change  in  the  kinematic  parameters  into  torgue/ioment  r = 0 transient 
function  lt-\/a*]  takes  the  finite  value.  It  is  identical  for  all 

wing  planforms  and  in  the  case  in  question  (M  = 0,8)  is  equal  to  (c,/a*l 

* 4/M  =5,0  (see  Fig.  29.3). 

The  given  materials  (see  Figs.  29.  1-29.4)  they  show  also,  as 
affects  wing  planform  the  transient  function  [c,/o*]  and  the 
position  of  focus  Xa  in  subsonic  range  {0<M  <1). 

Characteristic  from  the  viewpoint  of  the  effect  of  wing  aspect 
ratio  to  transient  functions  are  the  curve/graphs,  on  which  are 
constructed  the  relations  of  form  depending  on 

dimensionless  quantity  r.  The  greatest  effect  of  lengthening  is 
observed  at  low  values  t - in  t he  beginning  of  transient  process. 


41 
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then  during  increase  t the  value  of  this 
unity.  On  diagrams  (Figs.  29,5-29.8)  are 

transient  functions  with  M=0  for 

rectangular  wing,  including  the  limiting 

small  lengthening  (X  ■■■  > 0)  dotted  line 


the  relationship  approaches 
depicted  the  dependences  of 

different  lengthenings  of 
case  of  the  wing  of  very 

on  curve/graphs)  . 


At  high  subsonic  speeds  more  visually  the  effect  of  wing  aspect 
ratio  can  be  traced  on  the  curve/graphs,  where  are  depicted  transient 
functions  themselves,  but  not  their  relation.  This  is  connected  with 
the  fact  that  with  t = 0 functions  in  question  do  not  depend  on  wing 
aspect  ratio  X and  all  the  curves  begin  at  cne  point  (Figs. 
29.9-29,11).  As  is  evident,  with  X — > 0 transient  functions 
approach  the  limiting  values,  indicated  by  dotted  line.  For  a 
A-problem  these  values  are  everywhere  equal  to  zero  (Fig.  29.12).  In 
(0,-  and  (i)*i-pr oblems  within  limit  is  obtained  interruption  the 
function.  With  t = 0 it  is  equal  to  the  finite  quantity,  determined 
by  formulas  63  chapter  IV,  while  with  t > 0 it  turns  into  zero. 
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fig.  29.5.  Effect  of  lengthening  rectangular  wing  on  transient 
function  [V“’]  with  m-o. 
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fig.  29.6. 


0.5  J.0  15  r 


Fig.  29.7. 


2.9  6.  Effect  of  lengthening  rectangular  wing  on  transient  function 
[*»/“*]  with  w-o.  i^-o. 


fig.  29.7.  Effect  of  lengthening  rectangular  wing  on  transient  function 
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rig,  29,8.  Effect  of  lengthening  ccctangulac  aing  on  transient 
function  Iv^a]  with  m-o. 
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Pig.  29.9. 


rig.  29.10. 


Fig.  29.9.  Effect  of  lengthening  rectangular  wing  on  transient 


function  (e^/a*j 


with  a-o.*. 


Pig.  29.10.  Effect  of  lengthening  rectangular  aing  on  transient 
fnnction  aith 
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Fig.  29.11.  Rffect  of  lengthening  rectangular  wing  on  transient 
function  with 
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Fig.  29.12. 


Fig.  29<^  iSm 


Fig.  29.12.  Fffect  of  lengthening  rectangular  wing  on  transient 
function  1*»/**a1  with  m-o.i. 

Fig.  29.13.  Effect  of  number  m on  transient  function  (»,/«•] 
delta  wing  with  supersonic  edges. 
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Effect  of  number  M on  transient  functions. 

In  addition  to  the  naterials,  given  above,  let  us  exauine  the 
transient  functions  of  the  rigid  rectangular  and  delta  wings  of  one 
and  the  sane  lengthening  (X  = 2.5)  with  different  nost  characteristic 
Mach  nunbers  (M  - 0;  0.8;  1.2;  y/T;  2.0;  3.0).  Is  studied  the 

gradual  entrance  of  wing  into  step  gust  (A-problen)  and  a stepped 
variation  in  the  Icinenatic  paraneters  of  rigid  wing  (a-,  and  u)*i- 

problens).  The  effect  of  nunbers  M on  the  characteristics  of  the 
deforming  wings  in  many  respects  is  analogous  with  the  cases 
indicated.  In  order  to  illustrate  the  basic  special 
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feature/peculiarities  of  the  transient  process  of  flexible  ving»  to 
Fiqs,  29.15-29.18  are  given  the  curve/graphs  of  the  transient 
functions  of  airfoil/profile  with  control  (Bp  — 0,25).  These 
functions,  obtained  by  direct/straight  calculation  also  according  to 
reciprocity  theorem,  correspond  to  centering  xr  — 0 and  to 
numbers  M =0-|  0.6  and  0.9.  Let  us  note  that  with  I 

the  deflection  of  control  does  not  produce  disturbance/perturbations 
on  the  front  part  of  the  airfoil/profile.  Therefore  the  transient 
functions  of  airfoil/profile  with  control  do  not  require  special 
examination  and  can  be  obtained  by  the  simple  recalculation  of  the 
corresponding  characteristics  of  rigid  wing. 

For  the  cases  of  the  value  of  transient  functions  indicated  at  r 
= 0,  obtained  by  precise  formulas  §3  chapters  IV,  are  represented  in 
the  form  of  Tables  29.  1,  29.2  and  29.3. 


Pig.  29.1^.  ' Effect  of  M number  on  transient  function  [v'va] 
of  a delta  wing  with  supersonic  edges. 
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Pig.  29.15. 


Pig.  29.16, 


Pig.  29.15.  Effect  of  number  m on  transient  function  [«i^i/»p] 
wing  X = -. 


Key:  (1).  Numerical  calculation.  (2).  According  to  reciprocity 
theorem.  (3).  Exact  solution. 


Fig.  29.16.  Effect  of  number  m on  transient  function  [«irt/*p] 
wing  X - 


Key:  (1).  Numerical  calculation.  (2).  According  to  reciprocity 
theorem.  (3).  Exact  solution. 


i 
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Pig*  29.18. 

Pig.  29.17,  Effect  of  nuniber  m on  transient  function 
wing  X = -,  ^ 

Key;  (1).  Numerical  calculation.  (2).  According  to  reciprocity 
theorem.  (3).  Exact  solution. 

Pig.  29.18.  Effect  of  number  m on  transient  function 
wing  X = 

Page  7 37. 

On  curve/graphs  (Figs.  29.19-29.32)  dotted  line  showed  the  limiting 


Pig.  29.17. 
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values  of  fhe  transient  functions,  which  at  subsonic  speeds  are 
reached  asymptotically  at  t — *•,  while  on  supersonic  - at  t = t*. 

Given  data  (Figs.  29.19-29.32)  confirm  coamon/general/total 
considerations  about  the  compressibility  effect  of  the  medium  (number  M) 
on  the  character  of  transient  process,  expressed  earlier.  Let  us  note 
one  fact,  very  important  for  practical  application/appendices.  During 
an  increase  in  tha  number  M at  supersonic  speeds  transient 
functions  increasingly  less  differ  from  their  steady-state  values, 
which  correspond  t = th-  During  increase  M the  role  of  purely 

unsteady  aerodynamic  characteristics  decreases.  Most  substantially 
their  role  is  exhibited  at  subsonic  and  transonic  speed. 
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Tabl<?  29.1.  Values  of  the  transient  functions  of  airfoil/profile  with 
control  at  the  initial  Boaent  t = 0 (ftp-o.25.  x'-o) 


Fig.  29.19 


Fig.  29.20 


Fig.  29.19.  Effect  of  number  m on  transient  function  [«„/"’) 
rectangular  wing  X = 2.5. 


Fig.  29.20.  Effect  of  number  m on  the  unsteady  focus  of  the  t 
rectangular  wing  X = 2.5. 
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Pig.  29.24.  Effect  of  nunber  m on  transient  function 
rectangular  uing  X = 2.5. 
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Fig.  29.25. 


Fig.  29.26. 


Pig»  29.  25.  Effect  of  number  m on  unsteady  focus 


rectangular  wing  x = 2.5. 


Pig.  29.26.  Effect  of  number  m on  transient  function 
delta  wing  X = 2.5. 
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Pig.  29.27.  Effect  of  nuaber  m on  unsteady  focus  delta  wing  X 

2.5. 


Pig.  29,28.  Pig,  29.29. 


Fig.  29.28.  Effect  of  number  m on  transient  function  [«»/“*! 
delta  wing  \ = 2,5,  jet-®- 


Pig.  29.29.  Effect  of  number  m unsteady  focus 


delta  wing  X 
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Fig.  29.30. 


Fig.  29.31. 


Fig.  29.30.  Efff'ct  of  number  m on  transient  function 
^elta  wing  X = 2.5. 


Fig.  29.31.  Effect  of  number  m on  transient  function  [v^Ja] 
delta  wing  X = 2.5. 


Fig.  29.32.  Effect  of  number  m on  unsteady  focus  delta 

wing  X = 2.5. 
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^5.  Effect  of  the  laws  of  motion  for  transient  functions. 


Knowing  the  reaction  of  wing  for  single  step  function,  with  the 
aid  of  this  transient  function  and  Ouhaiel  integral  can  be  passed  to 
the  arbitrary  law  of  a change  in  the  kinematic  parameters. 

Let  us  examine  the  law,  which  satisfies  the  conditions: 


Hlith  T>To* 


■ 

(29.11) 


Let  parameter  k,  which  characterizes  the  law  of  motion  (k  * tg  7 = 

1/^0)  » it  is  changed  from  0 to  •.  Then  case  k = 0 (tq  = •)  will 
correspond  to  a very  slow  change  in  the  parameter,  when  is  valid 
stability  hypothesis;  case  k = - (tq  = 0)  - to  the  stepped  law  of  a 
change  in  the  kinamatic  parameters.  Besides  the  enumerated  limiting 
cases  let  us  examine  intermediate  values  of  k = 0,2;  1.0;  5-0  (Fig, 

29.33),  For  entire  range  of  change  k = 0--  are  given  transient  J 

functions  for  a delta  wing  X = 2.5  in  the  incompressible  medium 
(Figs,  29,  34  and  29.35),  at  high  subsonic  speeds  M ■«  0,8  (Fig, 

29.36)  and  supersonic  speeds  M = 3,0  (Fig.  29.37), 

Is  given  also  change  in  the  transient  function  upon 
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the  gradual  entrance  of  wing  into  the  gust:  for  a rectangular  wing 
with  M 0,8  (Pig-  29.38)  and  triangular  with  M - 3 (Pig  • 
29.39)  . 

Table  29.3.  Values  of  the  transient  functions  of  delta  wings  at  the 


DOC  = 7715U327 


PAGE  1330 


Page  74 H. 


Biiiii 

mwmsm 


IBSSSkmmSSBI 

IBBBBBBBBBESBBB 


/ ^ J / ■ r 


Fig.  29.33.  Investigated  lavs  of  the  notion  of  niag 
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Fig.  29.34.  Transient  function  (?,/“•)  for  the  different  laws  of  the 
notion  of  delta  wing 


Fig.  ^35.  Transient  function  (*,/«•;)  for  the  different  lavs  of  the 
notion  of  delta  wing  k-miw-o, 
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Piq.  29.36. 

Transient  function  (V“’)  for  the  different  laws  of  the  notion  of  delta 
wing  x-*.s 

Pig.  29.37.  Transient  function  (V“*)  for  the  different  laws  of  the 
motion  of  delta  wing  with  supersonic  edges  {m-3). 

Pig.  29.38.  Transient  f unct ion  or  the  different  laws  of  the 

motion  of  rectangular  wing 

Pig.  29.39.  Transient  f unct ion  Jfor  the  different  laws  of  the 
notion  of  delta  wing  with  supersonic  edges 


Page  746. 

Law  f (t)  has  two  characteristic  sections;  the  first  for  the 
values  of  dimensionless  time  0 < t < tq  and  the  second  for  an 
interval  tq  < t < «.  During  an  instantaneous  change  in  the  kinematic 
parameters  aerodynamic  characteristics  have  a fracture  with  r - ~ 

1/k.  The  peak  of  aerodynamic  characteristics  is  observed  at  the  sane 
values  T,  for  which  occurs  the  fracture  in  the  law  of  a change  in  the 
kinematic  parameters  in  r.  The  value  of  peak  the  more  greater,  the 
more  powerful  this  fracture.  With  k = - in  the  incompressible  medium 
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this  peak  for  torq ue/ao«ent  t 0 approaches  •.  Bith  an  increase 

of  nunber  M the  maxinun  value  of  this  peak  descends.  Upon  the 
gradual  entrance  of  wing  into  gust  aercdynaaic  characteristics  are 
changed  smoothly  in  tine  from  zero  value  with  t = 0,  Bith  t • 

all  the  character! sties  approach  maximum  steady-state  values  (dotted 
line  on  diagrams). 
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service. 


PMM  - applied  math e mat ics  mechanic. 


OTN  - Proceedings  of  the  Academy  of  Sciences  of  the  USSR,  department 
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- Izvestiya  the  Academy  of  Sciences  of  the  USSR,  mechanic 
machine-building. 
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The  principal  notations. 


I.  Geometric  parameters. 


^ - the  wingspan. 


b - root  wing  chord. 


Aj,  - enfJ  wing  chord. 


b,  - the  mean  aerodynamic  chord  of  wing  (MAC)  , 


i 

'i 


b*  - the  chord  of  wing  section,  is  parallel  to  root  chord, 

■owing  coordinates  in  the  connected  with  wing  coordinate  systea. 


dimensionless  coordinates 


with  the  significant 


diaension  of  b. 


as  significant 


the  diaensionless  coordinates, 
dimension  the  semirange  of  win 


when  for  z is 

9> 


under  taked 


S - wing  area. 
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X = - wing  aspect  ratio, 

b 

-contraction  wing, 

- ** 

’>  re  verse/inverse  wing  taper, 

Xo  - sweep  angle  on  leading  edge, 

Xi  are  a sweep  angle  on  trailing  edge, 

c - wing  thickness, 

c = c/b  - wing  chord  ratio, 

- distance  from  the  origin  of  coordinates  0 to  the  wing  leading 
edge, 

“centering  of  wing. 

II.  Kinematic  parameters. 

Vt~iUtjc  + lUty  + kUtfrthe  vector  of  the  absolute  velocity  movable  began. 


a 
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Q-jQ^  + /Q„  + ftQz  - the  vector  of  the  absolute  angular  velocity  of  wing, 

- the  projection  of  the  absolute  disturbed  velocity. 


v''~^:^he  projection  of  absolute  angular  velocity, 

Wj  Wy  y, 

«-»-T77.  “-*-177, 


- the  projection  of  the  dimensionless  (agitated) 


speed  of  the  medium. 


the  vectors  of  movable  and  relative  speed. 


a - the  speed  of  sound. 


t - time. 


V = Oot/b  - dimensionless  time. 


Page  756. 


s a Hach  number  of  undisturbed  flow. 


T - the  oscillatory  period. 


» 

I 
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p = 2w/T  - angular  frequency. 


p ♦ a pb/Oo  - strouhal  number. 


- reduced  frequency,  k * i-M^  with  M < i.  ^ M > i, 


9t  - the  dimensionless  kinematic  parameter,  which  characterizes  the 
motion  of  wing,  his  strain  or  gust. 


qj  = « - the  angle  of  attack  of  wing  (angle  between  the  root  chord 
and  the  projection  of  speed  Uq  on  the  plane  of  the  symmetry  of  wing 
Oxy)  , 


Uxb 


IhJ 


are  a dimensionless  rate  of  roll  with  the  characteristic 
linear  dimension  of  b. 


--^7^-di mension less  rate  of  roll  with  the  characteristic  linear 
dimension  %/2, 

a,-4#,-^are  a dimensionless  rate  of  pitch  with  the  characteristic 
linear  dimension  of  b. 
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»»-««--^^»<li*ensionless  rate  of  pitch  with  characteristic  linear 
diaension 

q4  = 6 are  the  parameter  of  strain  during  harmonic  oscillations, 

qs  = A - the  parameter  of  harmonic  gust, 

qj  = a = d«/dt  b/0 0 - dimensionless  derivative  of  angle  of  attack  in 
terms  of  time. 


dOr  *• 


are  di  mensionless  derivative  of  angular  velocity  Q»  in 

at  Uq 

terms  of  time  with  the  characteristic  linear  dimension  of  b. 


dQr  /’ 


41-wji p-— I" - dimensionless  derivative  of  angular  velocity  Q,  on 

at  4Uq 

time  with  the  characteristic  linear  dimension  ‘U/2f 
dQt  b* 


dt 


iioj 


are  dimensionless  derivative  of  angular  velocity  Q.  in  terms 
of  time  with  the  characteristic  linear  dimension  of  b, 

— ~~4 


'■'-C-iju 

1 ^ 4 f* 


- dimensionless  derivative  of  angular  velocity  Q.  in  terms 
of  time  with  characteristic  linear  dimension  6», 


q*  = 6 = dfi/dt  b/U o are  dimensionless  derivative  of  the  parameter  of 
strain  in  terms  of  time. 


4 
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qs  = A = dA/dt  b/U o - dimensionless  derivative  of  the  parameter  of 
qust  in  terms  of  time, 

q]  are  amplitude  values  of  the  kinematic  parameter  at  harmonic  time 
dependences  or  its  characteristic  value  during  aperiodic  motions. 

Page  757. 


* (*»  y#  z#  t)  is  potential  of  the  disturbed  speeds  of  ming  with  the 
assigned  number  M, 

' - the  aerodynamic  derivatives  of  velocity  potential  with 

harmonic  time  dependences, 

- u,  .(S.C.0  j 

' are  intensity  of  the  connected  vorticity  layer. 


0.  Y^  (t.  0) 

^ - th^  aerodynamic  derivative  ii 


>dynamic  derivative  intensities  of  the  connected 
vorticity  layer  with  harmonic  tine  dependences, 

are  circulation  of  bound  vortex. 


PAGE 


^aerodynaaic  derivative  circulatioos  of  bound  vortex  on  )»»»- 


the  cord  between  sections  ic  and  k - 1 with  the  i for*  of  aotion, 


are  the  total  circulation  of  bound  vortexes 


is  velocity  head  of  undisturbed  flow. 


the  nass  density  of  the  undisturbed  aediun, 

z®.  /-I 

? diaensionless  coefficient  of  aerodynaaic 


T - lift 


lift  coefficient 


pitching  aoaent  (pitch) 


- the  coefficient  of  pitching  aoaent. 
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of  pitching  noaent  aith  significant 

diaension 


Mm  are  the  aoaent  of  roll 


coefficient  of  roiling  moment 


the  rolling>BOB«nt  coefficient  aith  the  significnat 


diaension  of 


t are  a aiaensionless  coordinate  of  aean  aerodynaaic  center  of 
wing  relative  to  leading  edge/nose  HAC. 


Wing  section 


e coefficient  of  the  pitching  aoaent  of  wing 


ricients  of  the  aerodynaaic  derivatives  (c-c,.  m, 
r is  introduced  with  haraonic  tiae  depeadenceSf 


[^J  - the  transient  function  of  the  lift  coefficient  during  a 
stepped  variation  in  the  angle  of  attack  a. 
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[•^j  - the  transient  function  of  the  coefficient  of  pitching  Boaent 
during  a stepped  variation  in  the  angle  of  attack  «, 


- the  transient  function  of  the  lift  coefficient  during  a 
stepped  variation  in  the  angular  velocity  u., 


the  transient  function 


L“*J 

torque/Bonent  during  a stepped 


of  the  coefficient  of  the  longitudinal 
variation  in  the  angular  velocity  a>.. 


^■^j—  the  transient 
torque/Boaent  during 


function  of  the  coefficient  of  the  bank  of 
a stepped  variation  in  the  angular  velocity  u., 


— s—  - the  transient  function  of  the  lift  coefficient  with  the 

L J 

gradual  descent  of  wing  into  step  gust  (A-problea)  , 


the  transient  function 


upon  the  gradual  entrance  of 


of  the  coefficient  of  pitching  Bonent 
wing  into  step  gust  (A-problen)  , 


Wy4*the  value  of  the  juap  of  the  angle  of  attack  a,  of  angular 
velocities  w.  anl  w,  and  of  the  conponent  of  the  vertical  velocity 
daring  their  stepped  variation  in  tiBe* 

are  the  nornalized  transient  function  of  the  lift  coefficient 
daring  an  arbitrary  change  in  the  angle  of  attack  a. 
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- the  notaalized  transient  function  of  the  coefficient  of 
pitching  nonent  during  an  arbitrary  change  in  the  angle  of  attack  a. 


nornalized  transient  function  of  the  lift 
coefficient  during  an  arbitrary  change  in  the  angular  velocity  «•. 


Page  759. 

the  normalized  transient  function  of  the  coefficient  of 

* V»z/ 

pitching  moment  during  an  arbitrary  change  in  the  angular  velocity 


e the  normalized  transient  function  of  the  rolli ng-Boaent 
coefficient  during  an  arbitrary  change  in  the  angular  velocity 


upon  the  g 


the  normalized  transient  function  of  the  lift  coefficient 
radual  entrance  into  arbitrary  gust  (A-  problem)  , 


the  normalized  transient  function  of  the  coefficient  of 

\ / 

pitching  moment  upon  the  gradual  entrance  into  arbitrary  gust 
(A-problen) , 


unsteady  focus,  which  characterizes  instantaneous 


position  on  the  ning  of  the  point  of  the  application/appendix  of 
resultant  to 


H.  are  a transfer  function  of  the  lift  coefficient  under  the 


influence  of  harnonic  gust 


is  a transfer  function  cf  the  coefficient  of  pitching  loaent 


under  the  influence  of  harnonic  gust 


the  coefficients  of  apparent  additional  nasses. 


apparent  additional  masses 


the  coefficients  of  apparent  additional  aasses  with  significant 
diaensions  6.  and  ^ 


General  theoretical  aethods 
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bio  - savart  law. 

Eddy/vortex  discrete  unsteady  in  the  incowpressible  Bediaa. 

- in  the  compressed  medium. 

- stationary. 

Chaplygina  - Joulcowski*s  hypothesis. 

Duhamel  integral  for  aerodynamic  derivatives. 

- for  arbitrary  time  dependences. 

JoukowsJci  theorem. 

- "in  small"  during  noncirculating  flow. 

- "in  small"  during  circulation  flow. 

koshi  - Lagrange  integral. 


- the  linearized  expression 
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Coefficients  are  aerodynamic. 


- aerodynamic  derivatives. 


tBft of  loads. 


of  velocity  potential. 


- sections. 


of  the  total  characteristics. 


- pressure. 


Coefficients  of  apparent  additional  masses. 


nach  number. 


Loads  are  aerodynamic. 


Parameter  geometric. 


- kinematic. 
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- similarity. 


Potential  of  the  disturbed  speeds. 


Sweepback  of  wing. 


Strouhal  number. 


Hing  taper. 


- reverse/inverse. 


Theorem  of  momentum. 


- reversibility. 


its  conseguensa  for  rigid  wings. 


for  the  deforming  wings. 


for  wings  with  control  surfaces. 


Wing  aspect  ratios. 
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Equation  of  continuity. 


- linearized. 


Conditions  are  boundary. 


- on  vortex  sheet. 


Focus  is  stationary. 


Foci  are  unsteady. 


Page  761. 


Formula  for  a velocity  potential. 


Functions  of  pressure. 


- transmission. 


- transient. 


Fourier  are  integral. 
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Chord  average  is  aerodynanic. 


Center  of  pressure. 


Ce nterinq. 


Circulation  of  edi y/vortices. 


II.  Experimental  studies. 


Method  is  dynamometric. 


- the  bent  models. 


- instantaneous  pressures. 


- the  determination  of  apparent  additional  masses. 


- works. 


- rotary  machines. 


Systematic  investigations. 
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Methods  are  IcineBatic. 

- for  forced  oscillations. 

- for  free  oscillations. 

Comparison  of  experimental  data  with  the  calculations  in  the 
incompressible  medium. 

for  apparent  additional  masses. 

at  subsonic  speeds. 

at  supersonic  speeds. 

Similarity  conditions  during  experiment. 
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III.  Precise  or  known  solutions. 


Tncompressible  ■ellua  (m-o) 


0) 

8ma  HecyiucA  noaepxHOCTM 

M atpoAHNaMUMecKoN 
^XapaKTepKCTKKH 

CA) 

^opuyjM 

T«6Aimu 

(cTpanHuu) 

PHCyilKN 

!>) 

KpbiAo  CecKOHe'tHoeo  yd- 
w AUHenuK  (X  = oo) 

““  ■■ 

AspOAMHaMHMecKHe  npO' 

(5,56),  (6.91),  (6.92), 

13.1  (307), 

13.2—13.4, 

liSBOAHue 

(13.21),  (13.24), 

(13,32)— (13.35), 

(13,42) 

13.2  (311) 

13.5 

riepexoAHue  (byiiKiuiii 

(13.43),  (13.44) 

13.3  (313), 

13.6—13.7, 

jnpHCoeAHiieitHbie  waccu 

n pAMOylOAbHOe  KpbiAO 
eecbjua  .iiaAoao  ydAu- 
HeHUfi  (X-vO) 

' AapoAHiiaMiiMecKHe  npo- 

li|  lOBOAiiue 
npexoAiibie  (t>yHKmiH 

^/(pt>‘::>  c pyAeeoi  no- 
g>  pXHOCTbtO 

(13.36) 

13.4  (314) 

13.8—13.9 

(5.56),  (13.80),  (13.82). 

(13.84),  (13.86) 

(13.88),  (13.89),  (13.90) 

(13.46)  — (13.48) 

13.10-13.14 

*^•7!  ("•)•  For«  of  lifting  surface  and  aerodynasic  characteristic* 
(2).  Formulas.  (3).  Tables  (page).  (4),  Figures.  (5).  Infinite-span 
wing  (X  = -) . (6).  Aerodynamic  derivatives.  (7).  Transient  functions 

(8).  Apparent  additional  masses.  (9).  The  rectangular  wing  of  very 
saall  lengthening  (X  — ^ 0).  (10).  Aerodynamic  derivatives.  (11). 
Transient  functions.  (12).  Sing  with  ccntrol  surface. 
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Subsonic  speeds  (0<M<i) 


Rha  Macymelt  iioitAiiacTH 

>.>  H >»pOAHHBHHX«<KOfl 
,■>  Xap«KT«puCTIIKH 

( i^pbijo  decKonenHoeo 
ydAUMHUH  (X  •»  oo) 
(.(^spoAHiiaMHMecKHe  npo- 
M3BOA>lble 

C/JflepexoAHue  cpyn<unH 


■VCpPMPA  np0U3e0AbH0ii 
(popMbt  a iXAUHe 


^'fl pAMOyaOAbHbie  KpblAbA 


7 peyeoAbHbte  KpatAbR 

^pbtAO  c pyAceoH  no- 
aepxHOCTbio 


<>opyyjiu  ^ 

(CTpftHMtlU) 

1 

(6.56),  (6.91),  (6.94), 

18.1  (429— 

19.24—19.31 

(18.1)  — (183) 

430) 

(18.8)  — (18.11) 

(4.30)  — (4.34),  (4.38), 

18.2  (432), 

19.1  — 19.4, 

(4.30),  (4.41),  (4.44), 

18.3  (433), 

19.8-19.17, 

(4.48) 

18.4  (434) 

19.20 

(4.30)  — (4.34).  (4.38)  — 

(4.41),  (4.46),  (4.50)  — 

(4.52),  (5.56),  (6.91  )r 
(6.94) 

(4.30)  — (4.34),  (4.38),  29.2  (737) 

(4.39),  (4.41),  (4.44), 

(4.48) ,  (4.53),  (4.56), 

(5.56),  (6.91),  (8.94), 

(18.9)  — (18.11) 

(4.30)  — (4.34),  (4.38). 

(4.39),  (4.41),  (4.45), 

(4.49) ,  (4.53),  (4.57), 

(5.66),  (6.91),  (6.94) 

(7.94),  (7.96),  (7.97),  29.1(737) 

(7.98),  (18.4),  (18.5) 


Key:  (1).  pora  of  lifting  surface  and  aecodynaaic  ckacactacistic. 

(2).  Foraulas,  (3).  Tables  (page).  (4).  Figures.  (5).  Infinite-span 
wing  (X  = -)  . (6).  Aecodynaaic  derivatives.  (7).  Transient  functions. 
(8).  Wings  of  arbitrary  planfora.  (9).  Rectangular  wings.  (10).  Delta 
wings.  ^11).  Wing  with  control  surface. 
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Sap«rsonic  speeds  (M>i) 


Biia  Hecyiuck  nose|ilHOCTH 

L,i  II  aspoAiiiiaMiiKecKon 
Kl;  KapaKTCpIlCTIIKII 


^plAAO  eeCKOHeUHOlO 
• ydAUHenua  CK  = <») 
(^'y\spoAiiHaMHKecKiie  npo- 
li3B0A>>Ue 

(l)riepexoAHue  (jjytiKUHH 


^ ipepaTHtue  TpeyaoAbHbie 
KpblAbA  < 

\jjTpeyaoAbHbie  KpbtAbH 
( I jAspoAiiiiaMiiHecKHe  npo- 
V ' |l3BOAHbie 
^H^ricpexoAiibie  (JiyHKHim 


{\pn pAMOyZOAbHbie  KpblAbH 


((RyCpWABA-  npOUaaOAbHOS 
(popMbi  a rtAOHe 


PHCyilKH 


(6.91),  (22.13),  (22.16). 

(22.17),  (22.25)-(22.27) 
(6.94),  (23.1)— (23.5), 

(4.30)-(4.34).  (4.38), 
(4.39),  (4.41),  (4.44), 
(4.48) 

(6.91) ,  (6.94),  (22.30). 
(22.31) 

(6.91) ;  (22.32),  (22,33) 


(6.94), 

(4.30) 

(4.39) 

(4.49) 

(5.56) 

(4.30) - 
(4.39) 
(4.48) 
(6.91) 

(4.30) - 
(4.41) 
(4.52) 
(6.94) 


(23.6)- 

■(4.34) 

(4.41) , 

(4.53) , 
(6.91), 

(4.34), 

(4.41) 

(4.53) 
(6.94), 

(4.34), 

(4.46) 

(5.56) 


-(23.9), 
(4.38), 
(4.45), 
(4,57), 
(6.94) 
(4.38), 
(4.44), 
(4.56j, 
(22.42) 
(4.38) -i 
(4.50)4 
, (6.91), 


22.1  (518-520), 

22.2  (526—527) 
|23.1  (550-553) 


22.3  (530—632) 


22.4  (533—535), 
(566)  ■ 


22.3—22.6, 
22.8,  22.9 
23.2—23.9 


22.10— 

22.14, 

24.4—24.11 


(Ceyt  (1).  Fora  of  lifting  surface  and  aerod/naaic  characteristic. 
(2).  Poraulas.  (3).  Tables  (page).  (4).  Figures.  (5).  Inf iaite-spaa 


n 
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wing  (X.  = -)  . (6).  Aerodynanic  derivatives.  (7).  Transient  functions. 
(8).  Reverse/inverse  delta  wings.  (9).  Delta  wings.  (10).  Aerodynanic 
derivatives.  811).  Transient  functions.  (12).  Rectangular  wings. 

(13).  Wings  of  arbitrary  planforn. 

Page  763. 

IV.  Numerical  methods  of  the  flow- field  analysis. 

Incompressible  medium  (M— o) 

Harmonic  time  dependences. 

Small  Strouhal  numbers  (p  * 0«  including  stationary 

characteristics) . 

Finite  Strouhal  numbers. 

Arbitrary  Strouhal  numbers  (with  the  aid  of  Duhanel  integral). 

Arbitrary  tine  dependences. 

Infinite-span  wings. 


*1 


•m 
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Wings  with  constant  chord  on  the  spread/scope  of  (t|  k 
Wings  of  arbitrary  planform. 

Passage  from  stepped  laws  to  arbitrary  with  the  aid  of  Duhaael 
integral. 

Noncirculating  flow  about  the  rigid  and  deforaing  wings  of 
arbitrary  planfora. 

Subsonic  speeds  (0<M<1) 

Haraonic  time  dependences. 

Small  strouhal  nuabers  {p  ♦ ^ 0,  including  stationary 

characteristics) . 

Arbitrary  Strouhal  numbers  (with  the  aid  of  Duhaael  integral). 
Arbitrary  tine  dependences. 


Wings  with  constant  chord  on  spread/scope  (n  - 0 


r 
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Hings  of  arbitrary  planfora. 

Supersonic  speeds  (m>i) 

Harmonic  tine  dependences. 

Soall  Stroubal  numbers  (p  * ^ 0,  including  stationary 

characteristics) . 

Finite  Strouhal  numbers  (wings  with  supersonic  edges. 

Arbitrary  Strouhal  numbers  (with  the  aid  of  Ouhanel  integral) 
Arbitrary  time  dependences. 

Flow-field  analysis  of  the  wings  of  arbitrary  planform  during 
stepped  variation  Vffr) 

Passage  to  any  laws  9i(t)  with  the  aid  of  Duhanel  integral. 


fHiiMata 


Aerodynaaic  derivatives  (including  stationary  characteristics). 


(0 

Bu  Mcyaw*  aoMpxKKTa 


M-0 


(a) 


TaOjiiitiM 

(CTpaHMUhi) 


(i) 


PHCyHKH 


0<  M<  I 


Ta6jiimM 

(CTpaHMUU) 


w 


pMCyNKN 


M > 1 


1^  •6JINIU1 
(crpaHNuw) 


w. 


PMcynicii 


(1l 

KpuJio  6ecKOHeMHoro 

yAJiHHeMHx  (X  = oo) 

25.1  (592) 

* 

13.2—13.5 

19.22—19.31 

25.2  (592) 

22.3-22.4, 

22.8-22.9, 

24.38—24.39 

KpUJIbfl  npOM3BO;iblloA 
4>opMbi  s njiane  c npa- 
MblMH  KpOMKamU 

27  (627—642) 

27.2—27.61, 

28.27—28.38 

27.2  (627—642) 

19.37, 

27.2—27.61, 

28.39—28.48 

27.62—27.121, 

28.39—28.48 

(fc) 

ripilMOyrOJIbHbie  KpbUIbH 

(V 

27  (627) 

14.26—14.33, 

14.66, 

14.75—14.76 

27.2  (627) 

19.34,  19.38, 
28.7—28.16 

* 27.3  (662) 

24.35—24.36, 

24.38-24,39, 

24.47—24.48 

28.7-28.16, 

28.62—28.68 

TpeyrojibHbie  KpuJiba 

27.2  (640) 

14.58—14.61, 

14.75, 

28.78—28.85 

27.2  (640) 

19.33,  19.38, 
19.35—19.36, 
28.17—28,26 
2a  78— 2855 

27.4  (663) 

24.32, 

24.40—24.41, 

24.45—24.47. 

28.17—28.28 

28.69—28.88 

») 

KpfaUIO  CnOMHOft  <t>OpMU 
■ anane 

(<?) 

ile<|>opMHpyioiuHeca 
KpUJIba  H KpUJIba  c 
py^eaofl  noBcpxHocTbio 

24.18—24.28 

24.51 

14.63—14.65, 

28.52—28.59 

19.14-19.15, 

19.39, 

2852—28.59 

Key:  (1).  Shape  of  lifting  surface.  (2).  Tables  (page).  (3).  Figures. 
(^).  Infinite-span  wing.  (5).  lings  of  arbitrary  planfora  with 
direct/straight  edges.  (6).  rectangular  wings.  (7).  Delta  wings.  (6). 
Wing  of  conplex  planfora.  (9).  Deforning  wings  and  wings  with  control 
surface. 
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Pag^  765. 


Apparent  additional  nasses. 


K«y:  (1).  Tables  (page).  (2).  Pigores.  (3).  lings  of  arbitrary 
planfora  nith  direct/straight  edges. 
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Bax  Mcymca  aoMiuiaoera 


Kpuao  CecKOHeMHoro 
yxBHHeHHn  (X  = oo) 

Kpunba  npoHSBOv'ibHoii 
4iopMM  B nBBHe  c npn- 
MblMH  KpOMKaMH 


TaSaaaM 

(CTpaRHUUl 


ripatK^rbJibHue  Kpujibii 


e?) 

TpeyrojfbHbie  KpbiJTbn 


a) 

KpfaLffbfl  (VIOWHOfi  4>Op- 

MU  B luiaHe 

C'l) 

Ae4>op>*MpyiotuMecsi 

KpblJIbB  H KpUJIbB  C 

py^apA  ooaepx- 
HOCTHO 


13.6—13^ 


29.1—29.2 


14.47—14.48, 
29.1—29.2, 
29.5—29.8, 
29.19— 29 J25 


14.49—14.50 

29.1- 29.2, 
29.26—29.32, 
23.34-29.35 

29.1— 29.2 


14.56—14.57 


19.8—19.13, 

19.16—19.17, 

19.20 

29.3—29.4 


19.18, 

29.3— 29.4, 
29.9-29.18, 

29.19—29.25, 

29.36 

19.19, 
29l3— 29.4, 

29.26—29.32, 

29.36—29.38 

29.3— 29.4 


29.15-29.18 


23.2—23.3. 

23.6—23.9 


24.5—24.10, 

29.19—29.25 


24.11, 

29.13—29.14, 
29.26—29.32. 
29.37,  29.39 


Key:  (1).  Shape  of  carrier  surface.  (2)«  Tables  (page).  (3).  Figures. 
(•)-  Infinite-span  wing  (X  = -) . (5).  Hings  of  arbitrary  planfora 
with  direct/straight  edges.  (6).  Rectangular  wings.  (7).  Delta  wings. 
(8).  Rings  of  coaplex  planfora.  (9).  Deforaing  wings  and  wings  with 
control  surface. 
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VI.  The  approximation  methods  of  the  calculation  of  aerodynamic 


CTpaiJimu 


THnote'ia  ciamioHapHO- 
CTH 

^mioresa  ctauHOHapHO- 
CTU  pacuiHpeHHasi 
ifnnoTesa  rapMOHimno- 
CTH 

irHnoreaa  rapMOHiiHHO- 
CTH  npil  nOCTCnCHHOM 
BXOAC  B nopuB 
('I)  a)  iipBMoyroAbiioe 
KpUAO 

(tj6)  TpeyrojibHoe 
KpblJIO 

Mctoa  mecthux  AanA*' 

iiiiA 

Mctoa  hacaTCAbiibix 

JOlHHbeB 

^a)  npBMoyroAbHoe 
^ KphIJlO 
^6)  TpeyroAbiioe 
KpMilO 

inopiuHesaa  TeopMH 


(26.17) 

(26.18) 

(26.25).  (26.27),  (26.29) 

(26.31),  (2632),  (26.33) 

(26.35) 

(26.36) 

(26.37) 

(26.47),  (26.50)— 

(26.54) 

(26.55) 

(26.56) 


) npxMoyroAbHoe 
Kpbl.TO 

i)  TpeyroAbiloe 

KpblAO  ' 


Key:  (1).  Formulas.  (2).  Pages.  (3).  Stability  hypothesis.  (4). 
Stability  hypothesis  expanded.  (5).  Hypothesis  of  harmony.  (6). 
Hypothesis  of  harmony  upon  the  gradual  entrance  into  gust.  (7) . 
rectangular  wing.  (8).  delta  wing.  (9).  Method  of  the  local 
pressures.  (10).  Method  of  tangential  wedges.  (11).  Piston  theory 
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